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List of symbols and abbreviations 
Symbol Meaning Units 
a Permeability parameter Pa-kPa-'-sec 
A Area of diffusion layer m 2 
ATP adenosine triphosphate 
Αχ,. А^ Adair constants kPa-1. 
b Thickness of lower supporting membrane Jim 
Bis-tris bis-(2-hydroxyethyl)-imino-tris-(hydroxymethyl)methane 
с Bulging parameter kPa-1 
С Concentration M 
dt differential time sec 
D Diffusion coefficient m'-sec-1 
DPG 2,3-Diphosphoglycerate 
e Equilibrium pressure term kPa 
EX(i) Adsorption at wavelenght λ nm in 
situation i 
f Pos ition-dependent pressure term kPa 
F Facilitation 1 
g "Compliance" of layer m'-kPa-1 
H Enthalpy J/mol 
Hb (Desoxy)Hemoglobin 
HbCO Carboxyhemoglobin 
HbOj Oxyhemoglobin 
Hepes N^-hydroxyethylpiperazine-N' -2-ethane-sulphonic acid 
Hepps N-2-hydroxyethylpiperazine-N'-3-propane-sulphonic acid 
I Ionic strength M 
J Flux тоЬт"2-зес-
k Dissociation rate parameter 
k—, kjj Dissociation rate parameters in MWC model 
k' Association rate parameter 
к—', к ' Association rate parameter in MWC model 
К Equilibrium parameter 
Κ—, KR Equilibrium parameters in MWC model 
L Thickness of liquid diffusion layer 
LQ MWC partition parameter 
Mb Myoglobin 
MetHb Methemoglobin (Heraiglobin) 
mil milli-inch (= IO-1 inch) 
MOPS 3-{(N-morpholino)propane-solphonic acid} 
MWC Monod-Wyman-Changeux (model) 
n(v) Hill factor from eq. 4.5 1 
n(Hill) Hill factor in Hill model 1 
η Moles of a species M 
ODC Oxygen dissociation curve 
Ρ (Partial) Pressure of a gas kPa 
7 Permeability of a gas mol-m-1-kPa-1-sec" 
Q Computer variable (figs. 2.4 & 2.5) 
г Radius of diffusion area A mm 
r coefficient of correlation 1 
с 
R Universal gas constant J-mol - 1^ - 1 
R Relaxed state in MWC model 
RBC Red Blood Cell 
S Fractional saturation of Hb with O2 1 
SD Standard Deviation 
SEM Standard Error of mean value 
t Thickness of upper supporting membrane ym 
Τ Absolute temperature К 
Τ Tense state in MWC model 
sec" 
sec" 
M"1· 
M"1· 
M"1 
M"1 
• 1 
•1 
sec"
1 
sec"
1 
or kPa-1 
m or uro 
1 
Tris Tris-(hydroxymethyl)aii)inomethane 
V Volume of a gas m1 
W Thickness of total diffusion layer m or um 
χ Position in the liquid layer πι or um 
X Any species 
special characters: 
α Physical solubility coefficient of O2 M-kPa 
J Damkohler number 1 
ΔΧ Difference in X 
ε Extinction coefficient mMol -
ζ Thickness fraction for nonequilibrium 1 
11 Viscosity mPa-s 
α N2/O2 Permeability ratio 1 
λ Nonequilibrium depth m or 
ν Cooperativity coefficient 1 
τ Characteristic time sec 
X Thickness fraction for bordering membrane 1 
Τ Total driving pressure for O2 flux kPa 
ω Dimensionless 'bulging resistance" 1 
[X] Concentration of Χ M or 
special subscripts: 
b Bottom chamber 
cal Calculated value 
com Compensation (Voltage) 
dif Difference (Voltage) 
el Electrode (Voltage) 
exp Experimental value 
F Facilitation 
Hm Heme 
1 Index 
К Reaction equilibrium value 
L Value at or near x=L 
r Reaction 
t Top chamber 
Τ Total 
0 Value at or near x=0 or initial value 
SO 507. value 
β Reaction layer 
special superscripts: 
X' Modified X 

1. GENERAL INTRODUCTION 
1.1 Oxygen transport in animals 
The transport of substrates inside the cell can be brought about by passive 
diffusion with or without help of a carrier molecule, by active transport 
through membrane-bound carriers or by convection, i.e. fluid motion. Outside 
the cell the first two mechanisms are apparently not effective as most mul-
ticellular organisms have some circulation system to transport substrates 
over distances larger than the cell dimensions. In animals, there is a 
large variation in the complexity of the circulation, which ranges from sim-
ple coelomic fluid transfer, e.g. in the platyhelmintes (flukes), to the 
circulation in vertebrates, consisting of capillary beds subserving the tis-
sues, and arteries and veins which connect these beds. A heart maintains 
the circulation. In the so-called open circulation which is typical for 
arthropods, the venous system is absent and the backflow of the blood to the 
heart takes place via intercellular crevices. 
The decrease of the diffusion distances by the circulation system must be 
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accompanied by an adequate solubility of the substrates in the blood. In 
this, O2 forms a special problem. On one hand its solubility in water (and 
in blood plasma) is very low, but on the other hand the oxidative phosphory-
lation in aerobic animals consumes relatively large amounts of O2 to supply 
the animal with sufficient adenosine triphosphate (ATP) which is the univer-
sal energy carrier in the cell. The oxidative phosphorylation is located in 
the intracellular mitochondria where the combustion of foodstuffs is coupled 
to the production of ATP. In almost all animal phyla some O2 carrier is 
present in the blood. There are four types: hemoglobins or hemeproteins 
(vertebrates and invertebrates), hemerythrins (annelids), hemocyanins (mol-
luscs and arthropods) and chlorocruorins (polychaete worms). In insects, 
oxygen carriers are rare because these have a separate tracheal system which 
transports O2 directly to the tissues. The high molecular weight hemoglobins 
and hemocyanins are freely distributed in the blood, the low weight hemoglo-
bins and hemerythrins are contained in red blood cells (RBC's). In heart and 
skeletal muscle cells a monomeric hemoglobin - myoglobin - can be present. 
An overview of the properties of invertebrate oxygen carriers is given by 
Mangura (1985). 
1.2 Hemoglobin 
1.2.1 Introduction 
Hemoglobin not only reversibly binds O2 but also other species, the most 
important being (for mammalian Hb's): DPG (2,3-diphosphoglycerate), H+,C1_ 
and CO2. The bindings of these ligands interact mutually, either by compet-
itive binding to the same binding site, or because binding to one site leads 
to a structural change in the molecule which affects the other sites. The 
latter is called allostery. The Röntgen diffraction studies by the group of 
Perutz (see Perutz, 1970) have revealed the three dimensional structure of 
hemoglobin and have suggested that hemoglobin changes its configuration upon 
oxygenation. Hemoglobin is the most intensively studied protein and several 
reviews have been published (Antonini and Brunori, 1971; Lehmann and Hunts-
man, 1974, Bauer, 1974, Garby and Meldon, 1977, Perutz, 197Θ). The present 
study was done with bovine and human hemoglobin. In this section a short 
summary of the structure-function relationship in these mammalian hemoglo­
bins is presented. 
1.2.2 Structure of hemoglobin 
Mammalian Hb's are composed of four subumts, each one capable of binding 
one O2 molecule. A subunit is a folded protein chain of ca. 145 amino acids, 
which partially shelters an iron containing porphyrin ring, the heme (fig 
1.1). The folds of the protein are stabilized by van der Waals bonds in the 
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Figure 1.1 Structure of the heme. 
hydrophobic interior of the subunit. These also hold the heme in its 
pocket. In addition, the heme iron has a covalent bond with the so-called 
proximal histidine of the protein Opposite to this bond, Fe can bind 
reversibly O2 but also CO and NO, Fe has far larger affinity for the latter, 
hence their toxicity For reversible binding, the heme iron must be in the 
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ferrous (Fe2+) valency state. If the iron is oxidized to the ferric (Fe3+) 
state, it no longer binds O2. Formation of fern- or Methemoglobin occurs at 
a rate of ca. 1% per day in the RBC under normal circumstances, and is coun­
teracted by at least one enzymic reductase system (see Garby and Meldon, 
1977). O2 enters the heme pocket between the two hydrophilic vinyl side 
chains of the heme, which keep contact with the aquatic environment (see 
fig. 1.1). 
Two different subunits (a and β in human Hb) form a dimer, αβ, which is held 
together by van der Waals forces and hydrogen bonds. The tetrameric hemoglo­
bin consists of two dimers. These are held together by salt bridges between 
the charged end amino acid residues and charged side chains (e.g arginine 
and lysine) and by hydrogen bonds between polar side chains (e.g glutamine 
and asparagine). The structure of human hemoglobin, the position of the 
salt bridges between the a0 dimers and the structural changes which accom­
pany binding of O2 are further explained in §1.2 4.. 
1.2.3 O2 binding properties of hemoglobin 
The bindings of various ligands to hemoglobin are mutually related. In this 
study, O2 takes a central position and the allosteric properties will be 
related here to O2 binding. Fig. 1.2 shows three oxygen dissociation curves 
(ODC's) of human hemoglobin at pH 7 40 and 20 eC. The curves were measured 
in this study (Chapter 4) and the conditions are listed in the legend In 
all cases, the ODC has a sigmoid shape. In contrast, the ODC's of the iso­
lated subunits have a hyperbolic shape which is characteristic for one-step 
O2 binding with constant binding strength. The increase of steepness in the 
first part of the sigmoid curve implies that the affinity of hemoglobin for 
O2 increases with proceeding saturation, i.e. O2 binding to hemoglobin is 
positively cooperative. This linkage between affinity and saturation of the 
same ligand (here O2) is called a homotropic interaction. Heterotropic 
interactions indicate the linkages between binding of different ligands 
Concerning O2, the physiologically most important ligands are DPG, Cl -, CO2 
and H +. All these lower the O2 affinity (increase the half saturation pres-
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Figure 1 2 Oxygen dissociation curves of human hemoglobin and of iso­
lated subunits at 20 °C and pH 7 40. Abscissa: O2 pressure 
(P02) Ordinate fractional saturation. 
Isolated α and β chains, according to Mills et al. (1979) 0.1 M KCl. 
Hemoglobin· curve A= stripped curve B= 0 1 M KCl curve C= 0 1 M KCl 
+ 20 mM DPG. [Hb]T= ca 3 mM tetrameric. Curves А,В,С measured in this 
study (Chapter 4). 
sure, P50), as shown for Cl_ and 2,3 DPG in fig. 1.2. Conversely, 
oxygenation of hemoglobin is accompanied by the repulsion of these ligands 
as their affinity for oxyhemoglobin is lower than for deoxyhemoglobin. H + 
takes a special position. In the physiological pH range (6 8 - 7 6), the O2 
affinity is decreased with decreasing pH (alkaline Bohr effect) and, con­
versely, H + is expelled upon oxygenation (alkaline Haldane effect). Below pH 
6.8, the O2 affinity increases at decreasing pH (acid Bohr and Haldane 
effect). The heterotropic interactions are complicated because of the inter­
actions between all ligands For instance, CI" and CO2 compete in lowering 
the O2 affinity (Imaizumi et al., 1982) and uptake of CI" at deoxygenation 
is accompanied by uptake of H + (Rollema et al., 1975) which adds to the 
Bohr-Haldane effect. Cations as Li*, Mg2*, Ca 2 + and Zn 2 + increase the O2 
affinity of hemoglobin (Amiconi et al., 1981, Rifkind and Heim, 1977), but 
Na + and K + have less effect. 
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These interactions are related to alterations both within the subunits (the 
tertiary structure) and between the four subunits (the quaternary structure) 
upon ligand binding. The structural changes will be explained in the next 
section. 
Isolated subunits (o and &) show no cooperative O2 binding as their ODC's 
are hyperbolic (Mills et al., 1979, see fig 1.2). This is contrasted by 
curve A for "stripped" (salt free) hemoglobin1'. Like the isolated chains, 
stripped hemoglobin has a very low P50 but its ODC is sigmoid. Note that 
these preparations of the subunits contained 0.1 M Cl". Such an addition 
raises the P50 of hemoglobin to ca. 420 Pa. Isolated subunits do show a 
slight Bohr effect which in case of the β subunits is increased upon addi­
tion of inositol hexaphosphate (IHP), an analogue of DPG (Rolleraa et al., 
1976). This may be linked to the aggregation of the isolated subunits to 02 
and f5^ . Quaternary structure changes are thus also possible with isolated 
subunits. The influence of IHP on the 0 chains may be related to the fact 
that the 9 chains carry the binding sites for organic phosphates. 
Finally it must be noted that the ODC of stripped hemoglobin was measured at 
pH 7.00. To convert it to pH 7 40 (curve A in fig. 1.2) the following equa­
tion, describing the Bohr effect, was used to recalculate the Pso: 
dlogPso - 4л7 
This equation is derived from the concept of linked functions (Wyman, 1964). 
ΔΖ
Η
+ is the number of protons released upon oxygenation by the whole tet-
ramer. With P50 = 110 Pa at pH 7.00 and ΔΖ
Η +
 = 0.83 for stripped hemoglobin 
(van Beek et al., 1979), P50 = 91 Pa at pH 7.40. This is an estimate only 
as ΔΖ„
+
 is not constant with pH. The shape of the ODC does not change in the 
small pH range of 7.0-7.4. 
l >
 The term stripped is mostly used for hemoglobin solutions which are free 
of organic phosphates only. In this study, stripped has its proper sense, 
that is free of all salts, including buffers. In some cases, glycerol was 
added to the stripped solution. 
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1.2.4 Structural changes in hemoglobin upon oxygenation. 
Fig. 1.3 shows schematically the structure of human deoxyhemoglobin. The α 
chains, which are positioned behind the β chains, are drawn separately for 
clarity. In each subunit, the positions of the amino acids of interest are 
indicated by small type (see also legend of the figure), and the helices A 
to H by bold type. The hemes are drawn as octagons in between the distal 
histidines £7 and proximal histidines F8. Deoxyhemoglobin has the following 
Figure 1.3 Schematic representation of human deoxyhemoglobin. The α 
subunits are drawn separately tor clarity. Dashed lines 
indicate salt bridges. Subunit helices are marked with bold type, 
interacting amino acids with small type. The latter are derived from 
Breepoel (1978). 
o-chains: NA1-Val2; A4-Asp6; C5-Lys40; E7-His58; F8-His87; FG4-Arg92; 
H9-Aspl26; H10-Lysl27; HC2-Tyrl40; HC3-Argl41. 
0-chains: NA1-Val2; NA2-His2; CD2-Glu43; E7-His63; EF6-I,ys82; 
F8-His92; FG1-Asp94; H21-Hisl43; HC2-Tyrl45; HC3-Hisl46. 
Note proximal histidines F8 pulling at heme iron, distal histidines 
E7, penultimate tyrosines HC2 in pockets formed by F and H helices and 
position of DPG and CI". 
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characteristics. 
1) The heme iron is pulled out of the porphyrin plane by the proximal his-
tidine F8. 
2) The phenol group of the penultimate tyrosine (HC2) lies in a pocket 
formed by the F and H helices. 
3) There are several salt bridges between charged amino acid residues 
indicated by dashed lines. These salt bridges were derived from the 
description of human hemoglobin by Breepoel (1978). In between the H hel­
ices of the β chains, DFG takes part in the formation of the contacts, and 
the same holds for CI" in between the A and Η helices of the α chains. COj 
can bind to the N-terminal amino acids by carbamate formation (-NH-COO~) 
4) The contacts al-ßl and α2-β2 are mainly by hydrophobic bonds and hydro­
gen bridges. These pairs form relatively rigid dimers. 
Upon oxygenation, the following events are thought to occur according to the 
model proposed by Perutz (1970). Oj binding to a heme pulls Fe more into the 
heme plane and, via the proximal histidine (F8), also the F helix towards 
the heme. The phenol group of HC2 then is forced out of its pocket; the 
position of the H helix changes such that a number of salt bridges with the 
other subunits are broken. This paves the way for the breakage of more salt 
bridges and thus for the next oxygenation step, and leads to the increased 
O2 affinity of hemoglobin at progressive saturation -i.e. the homotropic 
interaction- and thus to the sigmoid ODC. Also the whole configuration of 
hemoglobin changes. The gap between the H helixes of the β subunits closes 
and DPG is forced out. Also CO2 and CI" are expelled. The breakage of the 
salt bridges decreases the pKa value of positive groups (e.g -МНз+) and 
increases the pKa value of negative groups (e.g -COO"). In the physiological 
pH range this leads to liberation of H* from NHj* upon oxygenation (the Hal-
dane effect). Conversely, the presence of DPG, Cl", CO2 and H* delays the 
breakage of the salt bridges and thus lowers the overall O2 affinity of hem­
oglobin (i.e. the heterotropic interactions). 
The enumeration of contacts in fig. 1.3 is not complete. For an extensive 
overview of all subunit contacts, both oxylabile and not, the reader is 
referred to Dickerson and Geis (1983). 
The structure of deoxyhemoglobm which is constrained by the salt bridges 
and also by oxylabile hydrogen bonds is said to be tense (T-state); oxyhem­
oglobin is said to be in the relaxed or R-state. The relaxation is, apart 
from the decrease of P50, also expressed by an increase in the very low 
dimenzation of »2^2 t et rarae rs into αβ dimers. The dimenzation constant in 
deoxyhemoglobm is ca. four orders of magnitude smaller than In oxyhemoglo­
bin at 21.5 "C, pH 7 40 (Chu and Ackers, 1981). However, at physiological pH 
and hemoglobin concentrations the dimenzation of both oxyhemoglobin and 
desoxyhemoglobin is negligible and does not play a significant role in the 
oxygenation process of mammalian Hb's It does so in Lamprey hemoglobin 
which is dimeric in the deoxy form and is dissociated into monomers in the 
oxy form (Briehl, 1963). Perhaps the dimerization of mammalian hemoglobin 
is the relict of a once functional property, but the R state is not simply 
the initial stage of dimenzation. As found by Mills et al. (1979) and Chu 
et al. (1984), dimenzation increases during the first three oxygenation 
steps, but is smaller again in the fully oxygenated tetramer. Also, three-
oxygenated nemoglobin has a larger affinity for (the fourth) oxygen than 
separate dimers. This effect is called the quaternary enhancement of O2 
binding. 
Several mathematical models have been developed to couple the T-R tran­
sition of hemoglobin to the shape of the ODC. The best known model is that 
of Monod, Wyman and Changeux (1965, MWC model) which is similar to that of 
Niesel (1961a, 1961b) This model has three parameters: LQ , which is the 
ratio of the amount of T-state to the amount of R-state in desoxyhemoglobin 
and K_ and K-, which are the oxygen affinities of the T-state and R-state 
respectively This model will be further explained in Chapter 6 where it is 
used to evaluate the overall kinetic parameters obtained in this study 
1.3 Facilitated oxygen diffusion 
The main function of the O2 carriers in the circulating blood is to increase 
its O2 carrying capacity However, diffusion of the carriers themselves 
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might contribute to O2 transport at cellular level This process is called 
facilitated diffusion. Facilitated diffusion was first demonstrated in 
vitro by Klug et al (1956) who found that the oxygenation rate of thin 
layers of hemoglobin solution was faster than expected from diffusion of O2 
alone Wittenberg (1959) and Scholander (1960) found that the flux of O2 
itself is increased through a layer of hemoglobin with respect to plain O2 
diffusion The experiments of Wittenberg (1966) provided the most important 
aspects of facilitated O2 diffusion. First, the rate of facilitated trans­
port is inversely proportional to the layer thickness, as with plain diffu­
sion, and hemoglobins with very large molecular weight (earthworm and tubi-
fex Hb's) give no facilitation. This points to the diffusional nature of the 
facilitation and rules out the initially propobed "bucket brigade" mechanism 
(Scholander, 1960) Secor'1, Hb's with a very low O2 dissociation rate 
(Ascaris perienteric and body wall Hb) also do not bring about facilitation 
This implies that reaction rates must be accounted for in the description of 
facilitated diffusion Other systems containing some carrier which reversi-
bly binds O2 can also bring about facilitated O2 diffusion This was shown 
by Kawakami et al (1982) who measured facilitation of O2 transport through 
a solution of tetraethylenepentamme (tetren) in which Cu(SCN) was dis­
solved The latter forms a complex with tetren molecules and this complex 
acts as an O2 carrier 
In a large number of publications the mechanism and quantitative interpreta­
tion of facilitated O2 diffusion have been treated exhaustively Reviews 
were written by Wittenberg (1970), Kreuzer (1970) and Kreuzer and Hoofd 
(1987) The overall mechanism of facilitated O2 diffusion is explained in 
fig 1 4 . A flat layer of hemoglobin solution lies in between two boundary 
layers which are permeable to O2 but not to hemoglobin, and a P„ gradient 
u 2 
is imposed Physically dissolved O2 diffuses through the layer, but it also 
binds to hemoglobin at the high pressure side and is released at the low 
pressure side Because Hb and НЬОг diffuse themselves, the deoxygenating 
pool is replenished by the oxygenating pool and vice versa Thus the process 
of loading and unloading at the boundaries is maintained, which contributes 
to -facilitates- the total O2 flux The mobility of hemoglobin is ca lOOx 
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Figure 1.4 Schematic representation of facilitated O2 diffusion, m 
one dimension, in a layer containing hemoglobin. Explana­
tion in text 
smaller than that of O2, but this is compensated for by its much higher car­
rying capacity for O2, also ca. ΙΟΟχ However, it is clear from the figure 
that if the carrier is so large as to be almost immobile, no facilitation 
will occur. Facilitated flux will be largest if the carrier is completely 
saturated at one side (high P. ) and completely desaturated at the other 
side (P- = 0). This also requires that the reaction rates are infinite, 
otherwise complete saturation and desaturation at the boundaries are not 
reached Both the limiting role of carrier mobility and of finite reaction 
rates on the facilitation were demonstrated by Wittenberg (1966, see above). 
The limiting role of the reaction rates is also shown by the fact that com­
parable measurements of CO diffusion show far less facilitation than was 
expected from calculations (see Kreuzer and Hoofd, 1976) This is due to the 
very low dissociation rate of CO from hemoglobin, which impairs unloading of 
CO at the side with low CO pressure. 
No facilitation cf O2 diffusion occurs with high ?
n
 at both sides of the 
υ2 
layer. In this case O2 transport by plain diffusion continues proportional 
to the O2 pressure difference across the layer (ΔΡ.-, ), but there is no satu-
u2 
ration gradient as S = 1 throughout the layer 
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1.4 Purpose of the present study 
In the previous section the mechanism of facilitated diffusion was 
explained. While the existence of facilitated diffusion has been demon-
strated in experiments on model systems, its significance for in vivo Oj 
transport is still doubtful. Facilitated O2 diffusion might increase the 
rate of O2 uptake and release of RBC's, and the O2 supply to the mitochond-
ria in myoglobin-containing muscle cells, (see Kreuzer and Hoofd,1987) 
Two conditions for facilitated diffusion to occur are: 1) the carrier mol-
ecule must be sufficiently mobile and 2) the on and off reaction rates are 
high enough to permit loading and unloading. As reaction rates are always 
finite, there will be more or less disequilibrium between the fractional 
saturation of the carrier molecule and the substrate concentration espe-
cially near the boundaries where the process of loading and unloading mainly 
takes place. This is important for the situation in vivo because there the 
diffusion distance is very small (urn range) and the residence time of O2 in 
the diffusion pathway might be too short for complete equilibration in the 
reaction of hemoglobin or myoglobin with O2. Although a large number of 
theoretical studies have appeared which formulate the mathematical aspects 
of facilitated O2 diffusion in connection with chemical nonequilibrium 
between saturation and O2 concentration (see Kreuzer and Hoofd, 1987), 
experimental work on this subject is almost absent. Only Rampazzo and Sil-
vestroni (1970) found a decrease of facilitated O2 flux at increasing par-
tial O2 pressure difference which might indicate the presence of chemical 
nonequilibrium as will be explained in § 2.6. These authors used the drop-
ping mercury electrode technique in which oxyhemoglobin diffuses towards the 
mercury surface where deoxygenation takes place. They attributed the 
decrease of facilitation to the limiting rate of deoxygenation at the elec-
trode surface but they did not calculate this rate from the experiments. 
Besides, the use of the dropping mercury electrode involves problems because 
the environment directly adjacent to the electrode surface will be very 
alkaline due to the reduction of O2 to OH" which will increase the O2 affin-
ity of hemoglobin or even cause denaturation of the protein. The best method 
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to measure facilitated O2 diffusion is in the thin flat layers since these 
are well defined The reason for the absence of experimental evidence of 
nonequilibrium facilitated O2 diffusion probably lies in the difficulty to 
construct the very thin diffusion layers needed to demonstrate the effect of 
chemical reaction rates on facilitated Oj diffusion With CO, the layers 
can be much thicker (Mochizucki and Forster, 1962) 
The purpose of the present study was to make a first contribution to the 
actual measurement of non-equilibrium facilitated O2 diffusion Thin layers 
(ca 28 μπι) of bovine and human hemoglobin were exposed to an O2 partial 
pressure difference and the O2 flux through the layers was measured under 
various experimental conditions All experiments were done at 20 0C From 
the measurements the apparent overall association and dissociation rate 
parameters (k' and к respectively) were derived at various levels of partial 
saturation In addition the diffusion coefficient of hemoglobin (D„, ), 
which is a crucial parameter, was measured at various high hemoglobin con­
centrations (20-42 g-lOO ml" 1), using the same method of facilitated O2 dif­
fusion. Also ODC's were determined under the same experimental conditions as 
in the diffusion experiments 
There are several classical methods to measure the reaction rate between 
hemoglobin and O2 A recent review was given by Holland (1984). Most methods 
(continuous and stopped flow, temperature jump, flash photolysis) are based 
on a suddenly induced disequilibrium between saturation and amount of free 
ligand The relapse to equilibrium is then followed by spectrophotometry 
The disadvantages of these methods are that 1) the reactions are recorded at 
non-steady state which complicates the mathematical description and 2) the 
low hemoglobin concentration (μΜ range) used promotes dimerization With the 
present technique high hemoglobin concentrations even exceeding the physio­
logical range (up to 42 g-100 ml - 1 or 6 5 mM tetramenc) are used and the 
kinetic parameters are obtained at steady-state conditions 
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2 . MATHEMATICAL DESCRIPTION OF FACILITATED DIFFUSION 
2 . 1 I n t r o d u c t i o n 
In O2 d i f f u s i o n through a hemoglobin s o l u t i o n , three s p e c i e s are d i r e c t l y 
involved: free 02, Hb and НЪОг. The r e v e r s i b l e r e a c t i o n between the three 
i s for the moment represented as a one-step p r o c e s s , although hemoglobin can 
bind four O2 molecu les : 
k' 
(2.1) Hb+02 * ньог 
к 
with the association and dissociation rate parameters k' and к in M~l'sec~l 
and in sec-1 respectively. The oxygen concentration is, according to this 
scheme, at equilibrium related to the hemoglobin species by: 
1 [НЬОг] 
(2.2) [02] = 
К [Hb] 
with the equilibrium parameter К = k'/k- In reality the reaction of Hb with 
O2 is more complicated and К (and thus k' and/or k) varies along the ODC 
(see Chapter 1) For this reason, eq. (2.2) is not practical to describe a 
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particular ODC, but for simplicity it will be used as such in the next eval­
uations A more useful model is described in Chapter 4 
Most studies on facilitated O2 diffusion, including the present one, make 
use of a flat diffusion layer This is practically and mathematically the 
most simple set-up, the latter because all transport processes can be 
assumed to take place in one direction perpendicular to the diffusion layer 
In the present set-up steady-state conditions could be assumed (see §3 6 2) 
and care was taken to avoid convection and electrical gradients in the 
layer Under these conditions, the basic equations only have to relate local 
mass transport to the rate of association and dissociation between the spec­
ies (see also Kreuzer and Hoofd, 1972) The basic equations then become 
d2[02] d2[Hb] d2[Hb02] 
( 2
'
3 )
 ^ Г
= І 3
н ь · - ^ Γ
=
- ^ ο 2 · ^ Γ -
 = 1 ι
' ·
[ 1 ί 1 ί 1
·
[ θ 2 1
 -
к
- [ н ь о 2 І 
D is the diffusion coefficient of the respective species and χ is the dis­
tance into the diffusion layer perpendicular to the surface Eq (2 3) is 
the usual formulation of hemoglobin (or myoglobin) facilitated O2 diffusion 
and can be solved partially the first and third term, when integrated 
twice, will give the relationship between the total O2 flux J and the bound­
ary values of [O2] and of [НЬОг] The second and third term lead to the 
constraint that the total hemoglobin concentration is constant throughout 
the layer (Kreuzer and Hoofd, 1972), provided D„, = D H b Q (Sanders et al , 
1981) The relation to the fourth term has not been solved exactly m the 
literature, but approximations can be made in case of either a high or low 
reaction rate in comparison with the diffusion rate The ratio between both 
rates is called the Damkohler number Ï (Schultz et al , 1974) ϊ which is 
dimensionless can be formulated for each species involved In the present 
system comprizing hemoglobin and oxygen 7 becomes 
( 2 ¿ν ϊ(.χί _ reaction rate _ k' · [Hb] · [O2I к· [НЬОг] 
diffusion rate Ο^ΙΧΙ-ΙΓ1 0
χ
·[Χ]·ΙΓ2 
with Χ = O2, Hb or Hb02 ï can be formulated with either the association or 
dissociation rate Insertion of X into the respective terms yields TS as the 
ratio between the characteristic times of diffusion and reaction, τ
η
/τ with 
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τ- - L 2/D
x
 and τ = 1/k or l/k'-[Χ]. ï also yields the characteristic length 
λ from: Γ = L2/X„2. This definition with λ is useful because from all λ„ 
one overall λ can be calculated according to Friedlander and Keller (1965). 
This is further explained in §2.6.5. 
There exist several approximate analytical solutions of eq. (2.3). The 
accuracy of these solutions was investigated by Schultz et al. (1974) and 
by Kreuzer and Hoofd (1987) for large and small ï's. In the range from 
large % (chemical equilibrium) to small 7 (nonequilibrium) they compared the 
degree of facilitation as obtained from numerical calculations (performed by 
Kutchai et al., 1970) to the results of various analytical approximations. 
Most of the latter only hold in a limited range of T. However, the approxi-
mate solution of Hoofd and Kreuzer (1979) proved to be applicable over the 
whole range of Damköhler numbers and was used here to solve eq. (2.3). This 
solution then was further transformed to fit the results of the experiments. 
The transformations are described stepwise in the next sections: 
Section 2: The basic equation, eq. (2.3), is solved according to the 
method of Hoofd and Kreuzer (1979). 
Section 3: The effects of chemical nonequilibrium and of supporting mem-
branes are both specified as diffusion resistances. 
Section 4: The flux of N2 (the supplementary gas) is opposite to that of 
O2, but not equal. It can therefore disturb the measurements of the O2 
flux. The correction for this, which is given in section 5, requires a 
formulation for the flux of N2. This formulation is given in this section. 
Section 5: The above unequal fluxes of N2 and O2 cause layer bulging. In 
this section, the correction for layer bulging, to be applied to the meas-
urements, is given. Also, the resulting equations which apply to the meas-
urements are formulated. 
Section 6: A model calculation is made of facilitated O2 diffusion using 
the solution from section 3. The total O2 flux and profiles of the O2 
partial pressure Ρ and of the saturation S of hemoglobin are calculated 
for equilibrium and non-equilibrium conditions. This section illustrates 
the effects of chemical non-equilibrium and also elucidates the mathemati-
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cal evaluation of section 5. 
Section 7: In addition to translational motion, hemoglobin also rotates. 
Thus O2 transport might be facilitated if hemoglobin picks up O2 from one 
direction and releases it to the other direction after rotation over 180°. 
The possible contribution of this rotational O2 transport to O2 diffusion 
is evaluated in this section. 
2.2 Analytical solution of the basic equation 
The equality between the first three terms of the basic equation (eq. (2.3)) 
can be solved exactly by double integration (see Kreuzer and Hoofd, 1972). 
The integration constants are obtained from the boundary conditions at x=0 
and x=L: 
d[Hb02] d(Hb] 
(2 5.a) = = 0 at x=0,L 
dx dx 
(because hemoglobin is confined to the liquid layer) 
(2.5.b) [O2] = α-P at x=0,L 
(according to Henry's law) 
In eq.(2.5.b), α is the physical solubility of O2 and Ρ is the O2 partial 
pressure. 
The second and third terms of eq. (2.3) give the solution for the total hem­
oglobin concentration: 
(2.6) [Hb02]+[Hb] = constant = C H m 
C„ is the total monomeric hemoglobin concentration minus the concentration 
of non-functional methemoglobin and equals the amount of O2 which can be 
bound by hemoglobin. With the help of the fractional saturation S [НЬОг] 
and [Hb] are written as: C H -S and C„ -(l-S) respectively. 
The first and third terms of eq. (2.3) give the equation for the total O2 
flux: 
ƒ dP dS (2.7) J = - f o n . - — + Оль-Сц,,·-
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Eq. (2.7) can be integrated further to give: 
(2.8) J =^·(ΔΡ+Ρ
ρ
·Δ3) 
Here ΔΡ (=Ρη"^Γ·' * η^ u s ^ = S Q " ^ L ^ a r e t'le P r e s s u r e anti saturation differences 
across the liquid layer of thickness L. P. and P. may differ from the O2 
pressures in the adjacent gas chambers when intervening supporting membranes 
are present (see next section). The other parameters are: 
2 
(2.9.a) ? = a-D0 
(2.9.b) ρ
 =
 "Hb' Hm 
7 is the physical permeability of O2 in the solution (Krogh's diffusion 
coefficient). P- is the facilitation pressure; when multiplied by US, it 
forms the extra virtual pressure difference across the layer which increases 
(facilitates) the total O2 flux J. Facilitation becomes maximal when there 
is complete saturation of hemoglobin at one boundary and complete desatura-
tion at the other. Then ÍS = X and the total driving pressure equals ΔΡ+Ρ-. 
In eq. (2.8) only P.. and P, are under direct experimental control. To 
obtain S- and S. as well as values of Ρ and S inside the liquid layer (i.e. 
their profiles), an additional relationship between Ρ and S is required. 
This relationship results from the equality of the first and fourth terms of 
eq. (2.3) for which no exact solution has been found as mentioned in the 
previous section. Here the approximate solution of Hoofd and Kreuzer (1979) 
was used. Eq. (2.3) is first transformed by replacing [O2] by ο·Ρ and [НЬОг] 
Ь
У
 CHm- S ; 
d2P d2S 
(2.10) L R
2
 = -P
r
-L 2 = P-(l-S)-P -S 
e
 dx2 F B dx2 K 
where L„ and P„ are defined as: 
D ?-P 
(2.11.a) L 0
2
 »-P-21 - K 
k ,
'
CHm k'CHm 
LQ is a characteristic length and will be explained further in §2.6.5. 
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P„ is the inverse affinity of hemoglobin for O2 (cf. eq. (2.2)), expressed 
in kPa; it will depend on S as к and k' do. 
Next the O2 pressure is split into two parts: 
(2.12) Ρ = e(S)+f(x) 
In this equation Ρ is the real O2 pressure and S the real saturation. e(S) 
is the O2 pressure which is in equilibrium with S according to the ODC. A 
difference between Ρ and e(S) will arise if chemical non-equilibrium occurs. 
This difference is expressed by f(x) in the above equation, e and f are the 
same as in Hoofd and Kreuzer (1979), save for the fact that in this work 
they are expressed in partial pressure (kPa) instead of concentration (H). 
e(S) can be any function which describes the ODC; the function used here is 
described in Chapter 4. To solve f(x) first eq. (2.12) is differentiated 
twice: 
(2.13) 
d2P d2e(S) 
dx1 dS1 
dS\2 de(S) d2S d2f(x) 
+ 
y 2
dx/ dS dx2 dx2 
(2.14) 
In solving for function f(x), which is to hold at the boundaries, this equa­
tion can be simplified by applying the boundary condition dS/dx = 0 (from 
eq. (2.5.a)). Next eq. (2.13) is inserted in the first and eq. Г2.12) in the 
third term of eq. (2.10). Then the term d2S/dx2 can be eliminated which 
gives : 
λ
2
· 
d2f 
dS e(S)+f(x)-P. 
К 1-S 
with: 
(2.15) 
{de(S)/dS+PF)-(l-S) 
The solution of eq. (2.14) is twofold: 
1) Chemical equilibrium would imply that f(x) is zero everywhere (infinite 
reaction rate). From eqs. (2.12) and (2.14) it follows that then Ρ and S are 
related according to the ODC: 
(2.16) Ρ = e(S) = P. 
К 1-S 
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Note, that P K = P 5 0 if S = 0.5. 
2) The function f(x) was defined as being only dependent on the position x, 
not on S. Thus, in solving for f(x), S and λ can be regarded as constant. 
g 
In addition, e(S) and ρ
κ
-
ΤΓο cancel. Then eq. (2.14) can be solved under 
the condition that the total Oj flux at the boundaries is by "free" O2 only. 
The solution for f(x) is: 
J-λ sinh{(iL-x)/\} 
(2.17) f(x) 
Τ cosh{jL/X) 
This solution and the functions sinh and cosh are explained more fully in 
Appendix A. f(iL) = 0, i.e. in the center of the layer. At the boundaries, 
the last part of eq. (2.17) reduces to ±tgh.(iL/X) (see Appendix A). The 
boundary solutions for Ρ and S now become (from eqs. (2.12) and (2.17)): 
λ0 f iL 
(2.18.a) P 0 = e(S0)+J-^-tgh — 
λ0 e(S0)+J-yi 
(2.18.b) P L = e(SL)-J-^-tghj — \ . r*
Li .. . . \ 
eCS^-J·,-
L is at least one order of magnitude larger than λ (see §2.6), thus the term 
"tgh" rapidly approaches unity (see Appendix A). 
2.3 Combination of the effects of membranes and попедціlibrium 
In the experiments the liquid layer was supported by a single membrane. The 
diffusion resistance of this membrane lowers the total O2 flux. Chemical 
nonequilibrium also lowers the total O2 flux because it impairs the process 
of loading and unloading of O2 at the boundaries (see Chapter 1). In fact 
this results in a decrease of the saturation gradient AS and thus of the 
flux J (eq. (2.8)). In this section both the effects of membranes and of 
chemical nonequilibrium will be expressed as diffusion resistances to be 
added to the liquid diffusion layer. The elaboration is done with the help 
of fig. 2.1. Fig. 2.1A schematically shows the liquid layer with thickness L 
and supported by two membranes with thicknesses b and t. The whole diffusion 
layer is flanked by two gas chambers in which the O2 partial pressures are 
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e(SL) 
Figure 2.1 Scheme of the profiles of Ρ and e(S) for of nonequilibnum 
facilitated O2 diffusion (see §2.6) 
Panel A: liquid layer in between two supporting membranes (actual 
situation) 
Panel B: liquid layer in between imaginary extensions accounting for 
supporting membranes and chemical nonequilibrium. 
P: solid line; e(S): broken line; b.L.t: thicknesses of the layers 
indicated. \: nonequilibrium depth according to eq. (2.15). J^ , ? t : 
permeabilities of the layers indicated. Xu , Хь.Си, ít : thickness frac-
tions. f: total driving pressure. Further explanatioa in text. 
P. and Ρ . For completeness two supporting membranes are drawn. Subscripts 
b and t indicate the bottom and top chamber and the figure is rotated clock­
wise by 90° with respect to its level position in the experiments. The sup­
porting membranes bring about pressure differences between the gas phases 
and the solution boundaries (P.-P.) and (P T-P t). Inside the liquid layer the 
profile of the actual O2 pressure Ρ is indicated by the solid line. The 
dashed lines indicate the profile of the virtual e(S) which is the O2 pres­
sure that corresponds with the real saturation of hemoglobin (see previous 
section). The difference between Ρ and e(S) is negligible in the bulk of the 
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solution but increases in size near the boundaries of the liquid layer, in 
the zones λ, and λ This is caused by chemical nonequilibnum which affects 
the saturation S (see above) and thus also e(S) The profiles of Ρ and e(S) 
were derived from the model calculation in § 2.6; there the mechanism of 
nonequilibnum is explained more fully. The mathematical elaboration of the 
effects of membranes and chemical nonequilibnum is as follows. 
Across the membranes themselves the total Oj flux is by free O2 only and can 
be described, according to Pick's law, by: 
? ΐ 
(2.19) j=Jî.(P b-P o ) =_I.(PL-Pt) 
b t 
P0, Py, Pt and P. are boundary values of Ρ indicated in fig. 2 1A. t . , JV 
and b, t are the permeabilities and thicknesses respectively of both sup­
porting membranes Combination of eq. (2 19) with eq. (2 8) gives the flux 
equation adapted for the supporting membranes: 
(2 20) J =^.(AP
+
P F.AS) = L. ( 1 +x t+ X b )-(^P F-¿S). 
where ΔΡ = Ph-Pt is the pressure difference between the gas chambers. AS = 
S.-S. as in eq (2 8). ?„ is the overall permeability of the total layer of 
thickness W = L+b+t. The fractions X and x. are explained below. 
The effect of nonequilibnum ,i e. the difference between e(S) and P, was 
mathematically expressed in eqs. (2 18 a) and (2 18 b). As with the flux 
equation (see above) P- and P. are replaced by P. and Ρ by means of eq. 
(2 19) which gives· 
(2 21 a) P b = e(S0)+J"t-(Çb+Xb) = e(S0)+?·(?b+Xb) 
(2 21 b) Pt = e(SL)-J.|-(Ct+Xt) = e(SL)-f.(it+Xt) 
The parameters ζ. and ζ are explained below. P. and Ρ are, as in eq. 
(2 20), the O2 pressures in the gas chambers, whereas e(S0) and e(ST) apply 
to the liquid-membrane interfaces. Τ is defined as: 
(2 22) T = J.£=P 0-P L+P F.(S 0-S L) 
and is the total "driving pressure" across the liquid layer: if hemoglobin 
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were inactivated, a pressure difference ΔΡ = "f would bring about the same 
total O2 flux. In eqs. (2.20), (2.21.a) and (2.21.b), χ and ζ are dimen-
sionless fractions which account for the effects of membranes and chemical 
nonequilibrium and are defined as follows: 
(2.23.a) * b = f - r \ - Τ Ύ 
о t 
•MS (2.23.b) C b = _ " . t g h j _ f ç^-L.tghj^ 
X and ζ can be applied both on Ψ and on L. In fig. 2.1A X is the ratio between 
the pressure drop across the membrane and Y, and ζ is the ratio between the 
nonequilibrium induced pressure drop and Y. In fig. 2. IB it is shown how 
these pressure drops can be imagined to be brought about by extra diffusion 
layers with thicknesses X.-L and ζ.-L, so that in these layers a permeabil­
ity ? equal to the permeability in the liquid layer can be applied. 
As noted with eqs. (2.18.a) and (2.18.b), the terra "tgh" in eq. (2.23.b) 
approaches unity under the present experimental conditions. 
2.4 Flux of N2 
In addition to the flux of O2, there is also a flux of N2 which is the sup­
plementary gas. The latter can disturb the actual measurements of the for­
mer. In the next section this is further explained and a correction on the 
measurements of the O2 flux is worked out. For this, a formulation of the N2 
flux is needed, which is given here. 
Besides water vapor, which has the same partial pressure on both sides of 
the layer, N2 is the only supplementary gas of O2, thus the total gas pres­
sure in the chambers, Ρ-,, equals P 0 +PN . P_ here is the atmospheric pres­
sure minus water vapor pressure. It follows, that a pressure difference in 
O2 is accompanied by an equal and opposite pressure difference in N2- Thus 
the flux of N2 (JN ) is opposite (but not necessarily equal) to the O2 flux 
and is driven by the same partial pressure difference. 
The flux equation for N2 is sinilar to eq. (2.20), without the facilitation 
part: 
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ΛίΝ2 ^ 2 
(2.24) JM = ΔΡΜ = ΔΡ ν 
Ν2 W Ν2 L^l+X't+X'b) Ν 2 
with Χ ' and χ.' as the analogues of X t and x. for N2- J'yv. and ?.. are the 
permeabilities of N2 in the whole layer and solution only respectively. This 
equation can be simplified by introducing -}„, which is the ratio of the 
overall permeabilities: ?„„ /?„. Eq. (2.24) then becomes: 
(2.25) J
u
 = ΔΡ = ΔΡ 
W L-(l+xb+xt) 
N2 
Note that in eq. (2.25) ΔΡ
Ν
 is replaced by -ΔΡ (= -ΔΡ0 ). The permeability 
ratio \>,, is formulated as follows: 
w 
1 + X h + X 1 -
(2.26) 0 W = 2—^ 
i/*+VVxt/*t 
In this equation O, 0. and •J are the permeability ratios in hemoglobin 
solution and membranes respectively. 
2.5 Correction for layer bulging 
As explained in the previous section, the pressure differences for O2 and N2 
(ΔΡ and ΔΡ„ ) are equal and opposite. However, this does not hold for their 
fluxes (J and JN ) because the permeabilities for O2 and N2 are different 
and because the O2 flux can be facilitated. The different fluxes lead to the 
evolution of a total pressure difference between the gas chambers when they 
are closed during the measurements. This will cause layer bulging -which is 
in turn resisted by the stiffness of the supporting membrane(s)- and there 
will be volume displacement from one chamber to the other. A change in vol­
ume of the gas chambers implies that the change of the partial P. -which is 
the measured variable- is not representative for the total O2 flux through 
the diffusion layer. The solution for this problem was given by Hoofd et al. 
(1986) who derived a formulation for plain O2 diffusion where the volume 
change of the diffusion chambers is expressed by a correction factor for ΔΡ. 
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In this section their method is summarized and at the same time extended to 
account for facilitation. 
The basic equation relating flux, pressure change and volume change is 
derived from the universal gas law: P-V = n-R-T. For any gas, this equation 
becomes : 
1 dn 1 r dP dVl 
(2.27) J = ± = ± V HP 
A dt ART l dt dtJ 
with A = diffusion area; η = moles of gas; R = universal gas constant; Τ = 
absolute temperature; Ρ = partial gas pressure of the respective gas; V = 
volume of the respective gas chamber. 
Eq. (2.27) is specified for O2 and N2· A flux from bottom to top chamber is 
given a positive sign. Then, the measured variable dP./dt is explicited. For 
(2.28.a) 
(2.28.b) 
02 this gives: 
dPb -ART-J-Pb-dVb/dt 
dt vb 
dPt +ART-J-Pt-dVt/dt 
dt vt 
(2.29) 
Analogous equations hold for N2. dV /dt is replaced by -dV,/dt which is per­
missible since V +ν.= constant= VT (see fig. 2.2). The change of total pres­
sure difference across the layer results from eqs. (2.28.a) and (2.28.b) and 
the analogues for N2 and yield the relationship between total pressure dif­
ference, the fluxes and the volume change: 
d(PbT-PtT>
 =
 d V P b N 2 .
 dPt,dPtN2 
dt dt dt dt dt 
ART-(J+JN )+PT-dVb/dt 
V V V T 
The mechanical balance between total pressure difference and volume change 
leads to: 
(2.30) ArP b T-P t T) = g-AVb = -g.AVt. 
where g is the compliance of the diffusion layer, which is determined by the 
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(2 31) 
stiffness of the supporting membrane. It is assumed that the layer bulging 
is linear with the total pressure difference, since both are small (see 
Results). 
From eqs (2.29) and (2.30), dV /dt is: 
dV. 
_b 
dt 
dVt ART-(J+JN ) 
dt 
Ρ
τ
·(1+ω) 
(2-32) 
with: 
s-Vvt . V v t *(pbT-ptT> 
V ·Ρ 
д , 
u is a measure of the membrane stiffness in the system: with compliance g •* 
-, ΜΡ-,-Ρ-, ) = 0 and ω = 0. With a rigid layer, g •* 0 , and then Д = 0 and 
u ~*
 m
. 
Eq. (2.31) is inserted into eqs (2 28 a) and (2.28.b) and J and JN are 
replaced by eqs. (2.20) and (2 25) respectively. This finally gives the 
equations that apply to the measurements 
(2.33.a) 
(2.33.b) 
(2.34 a) 
(2.34 b) 
(2.35) 
Üüb 
dt 
dP 
dt 
[' = -ab·|(1-с-Рь)-ДР+ 1--Ρτ·(1+ω) •PF-AS •] 
- = +a. · (l-c-P1.)-iP+· 1 ΡΓ·Δ5 
t t L I PT-(1+«)J J 
The combined parameters are: 
ART ? ART J>
w 
au 
V b L.(l+Xb+Xt) 
ART 
V t L-(1+Xt+Xt) 
1-Д. 
v b W 
ART J\, 
V W 
Ρ
Τ
·(1+ω) 
The permeability of N2 is smaller than that of O2, thus layer bulging is in 
the opposite direction to J This is shown schematically in fig. 2 2. The 
effect of layer bulging on the measurements is explained with the help of 
fig 2.3 In this figure measurements of plain O2 diffusion (no facilita­
tion) through a Teflon membrane are shown In either of the chambers, top 
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X v t Po2<PNX 
— 
•x=L 
•XiO 
Figure 2 2 Schematic cross section of the diffusion chamber, showing 
the fluxes of 0? and N2 and layer bulging 
or bottom, Ρ was zero (only N2 present) and in the other chamber Ρ was var­
ied. Thus the points left of the ordinate (ΔΡ negative) were obtained with 
P, = 0 and the points right of the ordinate with Ρ = 0. In the chamber with 
Ρ = 0 (dP/dt > 0, points above the abscissa) the measured dP/dt is propor­
tional to the imposed ΔΡ, while in the opposite chamber (points below the 
abscissa) dP/dt deviates in a non-linear way from the expected linear 
course. For one measurement this is further elaborated (points with 
Figure 2 3 Measurements of plain (1 e. non-facilitated) diffusion 
through a Teflon membrane Ordinate change in P02 (in 
Pa-sec-1) in the gas chambers. Abscissa. pressure difference between 
the chambers (in kPa) χ: measurements Dotted lines corrections on 
ΔΡ to account for layer bulging. Solid lines, regression lines on the 
corrected measurements 
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ΔΡ = +70 кРа). In the top chamber, where Ρ = 0, dP/dt is proportional to J. 
This follows directly from eq (2.28 b) after insertion of Ρ = 0. In this 
case layer bulging (dV /dt) has no influence. As shown m fig. 2.3 in the 
bottom chamber dP,/dt reflects only part of the total "flux" ART-J/V, (see 
eq. (2 28.a)). The difference is brought about by layer bulging 
(P, · (dV,/dt)/V. ) which now cannot be neglected because P, > 0 However, this 
part of the flux does not result in a measured dP/dt. So in reality layer 
bulging affects the measurements of dP/dt as expressed in eqs. (2.28.a) and 
(2.28.b). However, the elaboration of these equations led to eqs. (2.33.a) 
and (2.33.b) in which the effect of layer bulging is taken into account by 
the term (l-c-P) in the relationship between the measured dP/dt and the 
imposed ΔΡ. In the chambers with Ρ = 0 this term equals unity and dP/dt is 
proportional to ΔΡ In the opposite chambers the measured dP/dt seems to be 
brought about by a ΔΡ which is less than the experimental ΔΡ by an amount of 
c-P ·ΔΡ. This is indicated in fig 2.3 by the dashed lines. 
Concerning facilitated diffusion the correction factor for Ρ_·Δ5 (eqs. 
(2.33.a) and (2.33 b)) can be inferred directly from the correction term for 
ΔΡ as follows In contrast to plain diffusion where a flux of O2 is accompa­
nied by a counterflux of N2, there is no such counterflux in case of facili­
tated diffusion of O2 • This is equivalent with ?„ = 0 and thus ·4„ = 0. Then 
the correction factor for Ρρ·Δ5 (eq. (2.35)) becomes c' = l/P-·(l+ω). 
2.6 Model calculation of facilitated O2 diffusion 
2.6 1 Introduction 
The evaluation of the measurements, as described in the previous sections, 
concerns the boundaries alone In this section the situation inside the liq­
uid layer is evaluated, 1 e profiles of P, e(S) and S are calculated to 
explain the effect of nonequilibnum 
The parameter values for the calculation are given in table 2.1 and are rep­
resentative for the conditions in and results from the actual experiments. 
k' and к form a special problem. Both are related to the equilibrium pres-
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Table 2 1 Parameter values for the model calculation of facilitated 
O2 diffusion in hemoglobin solution 
parameter values 
[HbiT 
"
С
Н ш 
4 
DHb 
α 
Pso 
n(Hill) 
к (at P5o) 
k'Ut Pso) 
L 
PL 
P0 
24 
14.9 
0.89x10"' 
глохю"
11 
0.0140 
1.0 
2.40 
0.55 
10 
7.14x10s 
30 or 100 
0 
0.2 - 80 
g-lOOml"1 
mM 
m
2
-sec"
1 
m^sec"
1 
mM-kPa"1 
kPa 
sic'1 
M'^sec"1 
ym 
kPa 
kPa 
source 
1> 
from MW 
Chapter 
Chapter 
= 
5, 
5 
644602> 
fig 5.4 
fig 5.11 
§3 7 
Chapter 4, table 4.1 
Chapter 4, table 4.1 
Chapter 4, eq. 4.7 
Chapter 5 
eq. (2.11.b) 
as in experiments 
no back pressure 
as in experiments 
I 
The composed parameters then become· 
? 
PF 
L0 
1.25xl0-11 mol-nT'-kPa-'-sec"1 
28.6 kPa 
0.29 um 
1
' Typical for an experiment. 
1 5
 Braumtzer, 1964. 
sure P„ (eq. (2.11.b)). In case of hemoglobin P« decreases when the satura­
tion S increases Thus either k' increases or к decreases or both with 
increasing S. In the table к and k' are for ?„ = P50 (at S = 0.5). In this 
model calculation k' was assumed to be constant at all S and к follows from 
eq. (2.11.b). Thus also L» (eq (2.11 a)) was constant, independent of S and 
k' follows from eq. (2.11.b). The other possibility, i.e. k' varies and к 
is constant, is evaluated in §2.6.5. 
The calculation was done in two steps 
1) J and the boundary values of S and e(S) were calculated for both values 
of L and various P, . 
2) Profiles of P, e(S) and S were calculated for those cases where L = 30 
or 100 ym and P. = 40 or 80 kPa. 
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2.6.2 Calculation of J, Sg, S,, eCS.) and е(3.) 
The diffusion model is described by Τ in eq. (2.22) and by the relationship 
between Ρ and e(S) in eqs. (2.21.a) and (2.21.5), where in the latter the 
thickness fractions x, and χ are omitted and P. = P, and P. = Ρ as there 
are no membranes. The input data for the above equations are P., Ρ,, P_, 
L», L, P50 and v. The latter two are inserted in the function describing the 
ODC, here represented as e(S) and described more fully in Chapter 4. The 
parameters to be calculated are T, Ç. and ζ . A direct algebraic solution is 
precluded by the fact that e(S ) is implicit in all equations: in eq. 
(2.22) via S and in eqs. (2.21.a) and (2.21.b) m ς. via λ where it is 
present both directly and differentiated to S (eq. (2.15)). Thus Τ, ζ, and 
ζ must be found by iteration. The scheme for this is shown m fig. 2.4. 
The principal part is the loop from step 3 to step 8. Values for f and ζ. 
are inserted m eqs. (2.21.a) and (2.21.b). Because of the dual presence of 
e(S ), directly and in ζ , new values of the latter appear at step 7. With 
the formula for Y(new) in step β the iteration converges. This equation was 
obtained as follows (see fig. 2.4). The broken arrows in the figure indicate 
two different ways as to how the new values for f might be calculated. In 
box A the variation in Τ is brought about by (S.-Sj), in box В predominantly 
by (-e(S-)+e(S1. )) . By dividing the equation m box A by that in box В these 
two variables are combined in Q (step 8) which itself is less variable. 
Whereas recalculating f either by A or by В often leads to diverging itera­
tion, the combination shown in step 8 leads to convergence. 
After completion of the iteration, f, e(S ) and S. were preserved for the 
calculation of the profiles of P, S and e(S) inside the layer. From Y, L and 
? the total O2 flux J was calculated. The plain flux was calculated by omit­
ting PF-(S0-SL) in eq. (2.22). 
2.6.3 Calculation of profiles of P, e(S) and S 
The profiles of P, e(S) and S in the layer were obtained by calculation of 
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1- Input Daca: 
P0'PL'PF 
Lg.L.ODC 
2- Choose: 
Y
'
Çt^b 
3- eqs. 2.21.a 
& 2.21.b: 
e(S0), e(SL) 
4- eq. 4.3: 
S0· SL 
\ 
5- eq. 4.4: 
de(S0)/dS 
de(SL)/dS 
1 \ t 
6- eq. 2.15: 
7- eq. 2.23.b: 
4· 4 
8- f(new) = 
with: Q 
(Po-p^.q+q) 
l+Q-(Çt+Cb) 
PF-(S0-V 
e(S0)^(SL) 
A_ T-(P0-PL)-
ρ
ρ ·
(
ν ν 
from eq. 2.22 
combined 
into 
-Λ. 
• - > 
в-
e(SL) 
from 
-e(S0) 
eq 2.21 
eq. 
+ PL 
= 
•a minus 
2.21 .b 
Figure 2.4 Scheme of the calculation of f, SQ , SL, е(3л) and е(3^)· 
Step numbers: order of execution. Arrows: flow of data. 
Equation numbers' used equations. Further explanation in text. 
these parameters at a number of positions χ (usually 20). The scheme of the 
calculation is shown in fig. 2.5. There are two loops. The actual calcula­
tion of P, e(S) and S at some position χ is done in steps 5-11. When this 
loop is ready, the results are stored (step 12) and the next position χ is 
chosen in step 13. For practical reasons χ was stepwise increased from χ = 0 
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1- Input daca . 
Τ 
P0,PF.L3,L,ODC 
2- Insert from previous 
calculación : 
s0, 1 
3- Next position χ in 
layer: 
0 < x « L 
4- Calculate Q (cf.eq. 
X
 2.22) 
= Ρ +P ·5 
χ F χ 
12- OutpuC 
x
'
P
x'
S
x' 
e(S
x
) 
5 - C h o o s e : 
e ( S . ) 
Ψ 
o r : e ( S
x
) 
(new) 
i 
6 - e q . 4 . 3 : 
S 
χ 
e q . 4 . 4 : 
dS 
dP χ 
i i 
7- e q . 2.15 
λ 
χ 
г 
Φ 
\ 1 
' ^ ^ I d * . „ dS(P) 
F'"dr 
8- Calculate Ρ : 
χ 
(from: eq 2.12 & 2.17) 
λ sinhí'1 
e(Sx)+VL- c o s h íj Ly x 
yes 
9- Calculate 6Q: 
i Q • Qx-(Px+PF-Sx) 
Figure 2.5 Scheme of the calculation of P, e(S) and S at different 
positions χ in the diffusion layer. Symbols as in fig. 
2.4. The interim parameter Q in step 4 is not related to Q in fig 
2 4. 
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to χ = L in step 13. However, this is not necessary for the calculations in 
step 5-11, since these are independent of the results at other positions. 
In step 3 some position χ is set. Then the interim variable Q is calculated 
in step 4. Q can be considered as the flux-related total O2 pressure; from 
the equations shown in step 4 it follows that QL-Q0 = f (cf. eq. (2.22)). 
With Q in step 4 only the sum Ρ +Ρ_·3 is fixed. Separate values for Ρ and 
S are calculated via the function e(S) in steps 5-8. The sum of these is 
compared with the correct sum (Q ) in step 9 and if needed e(S ) is cor­
rected in step 11. If not needed the results were stored (step 12) and the 
iteration was repeated for the next χ (step 13). 
2.6.4 Results and Discussion 
7ig. 2.6 shows the plain and facilitated flux J against ΔΡ in a thick (A: 
100 um) and a thin (B: 30ym) layer. In the experiments plain diffusion is 
obtained by applying back pressure. With facilitated diffusion, P. = 0 and 
then ΔΡ = Pg. The vertical distance between the solid lines (facilitated 
diffusion) and dashed lines (plain diffusion) is the net facilitated flux. 
In the thick layer the facilited flux reaches a maximum when ΔΡ (=P0) 
exceeds ca. 5 kPa. This causes almost complete saturation at the high pres­
sure side (S. - 1). Since P. = S. = 0, AS then approaches unity. In the 
thin layer the plain flux is З.Зх higher, as expected, but the net facili­
tated flux does not follow the dotted line for equilibrium, but decreases 
again with increasing ΔΡ after having reached a maximum at about β kPa. A 
similar figure for myoglobin facilitated CO diffusion was presented by Hoofd 
and Kreuzer (1978). The decrease of facilitation at increasing ΔΡ in the 
thin diffusion layer is explained in fig. 2.7 which shows the profiles of P, 
e(S) and S in both layers. This figure is similar as obtained by Kutchai et 
al. (1970) who calculated profiles of 0? and НЬОг concentrations by a numer­
ical method. Fig. 2.7 shows that O2 diffusion is brought about by two 
largely separate gradients. Starting from χ = 0 there is first a gradient in 
the P- and thereafter in HbO? or S. Desaturation starts when Ρ reaches the 0 2
 ¿ 
point where the 0DC becomes pressure dependent. From there on, the desatura-
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Figure 2.6 Calculated О2 flux across a hemoglobin-containing layer, 
dependent on the pressure difference. Ordinate: O2 flux 
(J). Abscissa: pressure difference (ΔΡ). Dashed lines: plain diffu­
sion (in experiments with high back pressure), solid lines: facili­
tated diffusion (in experiments without back pressure). Panel A: L = 
100 Jim. Panel B: L = 30 jjm. Dotted line in B: facilitated diffusion 
in case of chemical equilibrium. Further explanation in text. 
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Figure 2.7 Profiles of P, e(S) and S in the hemoglobin solutions of 
fig.2.6. Left ordinate: Ρ and e(S) (kPa). Right ordi­
nate: S (0-1). Abscissa: position in the layer (urn). P: solid lines. 
S : dashed lines. e(S): dotted lines near boundaries in panel B. Panel 
A: L = 100 wm. Panel B: L = 30 ym. I: PQ = 40 kPa. II: PQ = 80 kPa. 
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tion "keeps pace" with the decreasing Ρ in the thick layer, but in the thin 
layer the dissociation rate is obviously not high enough to bring about com­
plete desaturation during the short time that НЬОг diffuses over the final 
12 or 6 μπι (at P. = 40 and 80 kPa respectively) towards χ = L. The effect of 
nonequilibrium is also indicated by the courses in Ρ and e(S). In fig. 2.7A 
the gradient in Ρ decreases monotonously towards χ = L and there is no dif­
ference between Ρ and e(S). In the thin layer (fig. 2.7B) there is a sudden 
drop in Ρ near χ = L and the gradient of Ρ is equal at χ = 0 and χ = L. At 
these boundaries the total O2 flux is by free O2 only. Ρ and e(S) differ at 
the boundaries. The increase of e(Sj.) relative to P, corresponds to a sig­
nificant increase of S. whereas the decrease of e(S0) relative to P 0 hardly 
affects S-. However, also in the thin layer Ρ and e(S) are indiscernible 
for most of the diffusion pathway. The boundary values of P, e(S) and S in 
the four situations are summarized in table 2.2. 
The flux dependency on ΔΡ as shown in fig. 2.6A is typical for measurements 
of facilitated O2 diffusion through a flat layer under conditions of chemi­
cal equilibrium and was experimentally confirmed by Wittenberg (1966) and 
Kutchai and Staub (1969). There is no experimental evidence in literature 
for the correctness of fig. 2.6B concerning O2 diffusion in a flat layer. 
Rampazzo and Silvestroni (1970) obtained a similar result for measurements 
of facilitated O2 diffusion towards a dropping mercury electrode. However, 
the use of the dropping mercury electrode might not be suited to measure 
facilitated O2 diffusion as explained in §1.4. 
Table 2.2 Boundary values of P, e(S) and S in the model calculation. 
L = 100 μπΓ 
(fig. 2.7A) 
L = 30 um 
(fig. 2.7B) 
Pb 
kPa 
40 
80 
40 
80 
e(S0) 
kPa 
39.80 
79.80 
39.70 
78.80 
e(SL) 
kPa 
0.188 
0.307 
0.672 
1.558 
Pt 
kPa 
0 
0 
0 
0 
s
o 
0.996 
0.998 
0.996 
0.998 
SL 
0.0395 
0.0782 
0.281 
0.739 
AS 
0.957 
0.920 
0.715 
0.259 
2 6.5 The nonequilibrium depth A 
In §2 1 λ was mentioned as a part of the Damkohler number, which is a meas­
ure for the degree of nonequilibrium In §2.2 λ was formulated in eq. 
(2 15). Here a more fundamental derivation of λ is given and its value in 
the model system above is calculated. 
The general formulation of λ for each species is obtained from eq. (2.4): 
D -[X] D .[X] 
(2.36) λ* = o r — à . 
к'-[НЬ]-[02] к-[НЬ02] 
with Χ = O2, Hb or Hb02. Note that [Hb] and [НЬОг] are monomeric concentra­
tions. Either the association rate or the dissociation rate may be inserted 
in the denominator λ is a property of the system according to Friedlander 
and Keller (1965) These authors also showed that the overall λ can be 
obtained from all λ„ by: 
(2.37) Χ"» = X02-* + X H b - + X ^ - * 
With D„. = D H, 0 combination of eqs. (2.36) and (2.37) gives: 
( 2 3 8 ) J_ , k'-[02]-[Hb] + k'-[02l-[Hb] ^ k-[Hb02] 
λ
2
 D02-[02] DHb-[Hb] DHb-[Hb02] 
The above equation is exactly equal to the previously obtained formula for 
λ. This can be verified by insertion of [НЬОг] = , -·[Hb] (see text fol­
lowing eq (2.6)) and elaboration of the combined parameters in eq. (2.15) 
where de(S)/dS is solved from eq (2.16), which gives: de(S)/dS = 
P„-(l-S)"2. The equation is also equal to equation 7 in the article of Hoofd 
and Kreuzer (1978) if the numerator of the second term left of the equal 
sign is replaced by k-[Hb02] 
From eq (2 36) it follows that Lß (eq (2.11.a)) equals λ if S = 0, which 
implies that [Hb] = C„ and [НЬОг] = 0 L» itself has no direct meaning for 
λ. However, the use of this parameter facilitates (') the elaboration of λ 
by sp'littmg up its formulation into a diffusional part ?„, a part describ­
ing the ODC, de(S)/dSF and a kinetic part, L-
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In fig. 2.8 λ and Lgare shown at various conditions for к and k. , 
calculated at a number of values for S. At each S, first P, de(S)/dS and ?„ 
were calculated by eqs. (4.3), (4.4) and (2.16) respectively. The parameter 
values from table 2.1 were used. From Ρ«, к' and к were calculated (eq. 
(2.11.b)) where either k' or к was kept constant. This yielded curves I and 
II in fig. 2.8. Thus curves I evolved from the assumption that positive 
cooperativity is caused by a decrease of к at increasing S " , curves II by 
an increase of k' with S. For comparison, curves III were calculated by 
keeping both k' and к constant at their P50 values which stands for absence 
of cooperativity. Finally, L» and λ were calculated for myoglobin (which 
shows no cooperativity) using the parameters from table 2.3. 
The shapes of the curves for λ are explained as follows. With constant k' 
and decreasing к (case I), there is a decrease in the overall reaction rate 
(numerators in eq. (2.38)) when S increases. It follows from eq. (2.38), 
that then λ increases. In case II (k constant and k' increasing with S) the 
reverse holds. However, also the diffusion rates (denominators in eq. 
(2.38)) depend on S and thus curves I and II are not symmetrical around S = 
0.5. This is also indicated by curve III which was calculated for constant к 
and к'. 
For myoglobin, λ is about 3* smaller than for hemoglobin under comparable 
conditions (see curve III for constant k' and k). This seems to be at vari­
ance with the calculations of Kreuzer and Hoofd (1972) who showed that none-
quilibrium is more pronounced in case of myoglobin. Indeed due to this 
smaller X the difference between the real P. and virtual e(ST) is 3» smaller 
in case of myoglobin. However, the increase of ST (which is in equilibrium 
with e(Sj)) will be much larger due to the large affinity of myoglobin for 
O2. Thus the saturation difference across the layer will be much smaller for 
myoglobin and therefore facilitation much less. 
Both at S = 0 and S = 1, L„ reaches some definite value higher than zero. As 
S •+ 1, λ •+ 0, because the increase of de(S)/dS is larger than the decrease 
"The preceding model calculation was base on this assumption. 
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Figure 2.8 Dependence of λ and Iß on S. Calculation explained in 
text. ( ): hemoglobin solution. Parameters from 
table 2.1. I: k' constant. II: к constant. Ill: both k' and к con­
stant. ( ): myoglobin solution. Parameters from table 2.3 
of (1-S) (see eq. (2.15)). At S = 0, de(S)/dS = P K = Pso·«"' (see Chapter 
4). Here, for the hemoglobin solution, de(S)/dS becomes 6.01 kPa and for 
myoglobin 98 Pa. At S = 0, λ is slightly smaller than L». 
The courses of λ with S as shown in fig. 2.8 are important for the evalua­
tion of the experiments. There, the relationship between k' and к at vari­
ous S and thus the relationship between λ. and λ. are a priori unknown. For 
simplicity λ- = λ. was chosen, keeping in mind that nonequilibrium will be 
confined to the low pressure side and thus λ at the high pressure side is of 
no importance. This presumption can be easily tested here. Fig. 2.8 shows a 
maximal λ of 0.740 for S = 0 927 in case I where k' is constant. This situ­
ation is calculated to occur in a layer of 30 lim thick for a P- at the high 
pressure side of 4.1 kPa, according to the data of table 2.1, using eqs. 
(2.21.a) to (2.23 b) ; in that case at the P 0 = 0 side of the layer S = 
0.066, λ = 0.286 and t = 28.71. If now this situation is evaluated assuming 
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Table 2 3 Parameter values for the calculation of λ for myoglobin 
parameter values 
[Mb]T 
"
C H m 
4 
DMb 
α 
Pso 
n(Hill) 
•* V 
к 
к' 
24 
12.8 
0.89x10"' 
3 62x10"ll 
0 0140 
98 
1 
1 
15 
1 IxlO7 
g-lOOml"1 
mM 
m'-sec"
1 
m^sec"
1 
mM-kPa"1 
Pa 
sec"
1 
M-^sec"1 
source 
as in table 2.1 
from MW = 18800 l > 
as in table 2 1 
from D H b » 
from table 2.1 
Э ) 
(no cooperativity) 
Chapter 4, eq 4 7 
5 J 
composed parameters 
Τ 
Р
У 
Η 
1.25x10-
37.1 
0.080 
1 1 mol-m"1-kPa"l-sec"1 
кРа 
ym 
"Antonini and Brunori (1971). 2>from DHb x V(Mol Wt Hb/Mol .Wt Mb). J>Rossi-Fanelli and Antonini (1958) '"'Antonini and Brunori (1971). 
s>from K-k = k/(a-PSo) 
λ = λ. = Χ., it leads to a value of X = 0.318 for the same P« 's and f. So, 
in spite of the threefold difference in λ at either side of the layer, the 
worst case that can occur according to fig. 2.8 (curve I), the estimation 
for the low Ρ- λ is only about 10% too high (0.318 instead of 0 286). Thus 
for the evaluation of the experiments the above assumption that λ- = λ. is 
permitted. 
Secondly fig. 2.8 is important since from the course of λ with S it should 
be possible to determine whether cooperativity is due mainly to a change in 
k' or in k. 
2.7 Effect of rotational diffusion on facilitated O2 transport 
Next to translational diffusion, the hemoglobin molecules also exhibit rota­
tion. Thus under the influence of a P« gradient, the sites could pick up 
O2 at the high pressure side and release it again at the opposite side after 
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rotation of the molecule In this way, a saturation gradient would evolve 
over the surface of the molecules themselves. However, as calculated by 
Wyman (1966) and Murray and Smith (1986), the relaxation time of rotational 
diffusion is too small in comparison to that of the reaction (ca. 10~' sec 
vs 0 1-0 01 sec) to develop such a saturation gradient For the present 
set-up, the characteristic time for rotational diffusion was estimated as 
follows. The Stokes-Einstein equations for translational and rotational dif-
fusion (D and D ) are (see Murray and Smith, 1986) 
C 2 3 9 a> D = Tr6f iF7 
(2-39b) Drot=Ñ7i£b 
where η is the viscosity of the solution and r the radius of the hemoglobin 
molecule R, Τ and N are the universal gas constant, absolute temperature 
and Avrogado's number respectively D is in sec-1, as it applies to angu­
lar motion only At [Hb]T = 30 g·100ml"
1
, like in the RBC, the translational 
D H b is 1 42ХІ0"
11
 m
2
-sec"
1
 (see Chapter 5) With r = 25 Ä (Stroeve, 1975), η 
can be calculated from eq (2 39 a) and equals 6.04 mPa-sec This value is 
of the same order as that found by Kreuzer (1953) at 25 "C (7 45 mPa-sec) 
and by Daveloose et al (1983), who found, at 20 0C in RBC's, 4 45-7.90 
mPa-sec, dependent on the osmolarity of the suspending medium. Insertion of 
the present value for η in eq (2 39.b) gives D = 1 70x10' sec"1. Its 
inverse, 587 nsec, is of the same order as the relaxation time extrapolated 
from t4e measurements of Monkos and Turczynski (1985), giving 672 nsec. The 
present value for D will be only an estimate since the validity of the 
above equations at high [Hb]- is doubtful. However, in comparison with the 
relaxation time for chemical reaction (0 1-0.01 sec) the relaxation time for 
rotational diffusion (587 nsec) is so small that it will take a large number 
of rotations before O2 is bound or released, i.e there is no preference for 
position of the sites at the moment of O2 binding or release Therefore 
there will also be no saturation gradient over the surface of the hemoglobin 
molecule and thus no facilitated transport due to rotation. 
This can also be verified by comparing the values of λ and L in case of 
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rotational diffusion. According to Gros et al. (1984) and Murray and Smith 
(1986) the translational diffusion coefficient D' of the binding sites, 
brought about by rotational motion of the whole molecule is: 
D' =4r2-D ,. 3 rot 
Comparison with eq. (2.39.a) shows that D' = iD. It follows that λ for 
rotational diffusion is not much different from λ for translational diffu­
sion. But the length L of the diffusion pathway for the binding sites is 
only half the circumference of the molecule (ca. 78 Â), while for the whole 
molecule in translational diffusion L = 30-100 ym in the present set-up. 
Thus the Daraköhler number ï (see §2.1) for rotational diffusion is ca. four 
orders of magnitude smaller than that for translational diffusion, indicat-
ing extensive nonequilibrium of rotational diffusion and thus a negligible 
contribution to facilitated O2 transport. 
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3 EXPERIMENTAL SET-UP 
3 1 Preparation of the hemoglobin solutions 
The preparation of the Hb solution from either bovine or human red blood 
cells (RBC's) was the same as described by Breepoel (1978) and included sep-
aration and washing of the cells, their lysis, and isolation, dialysis and 
deiomzation of the Hb solution on a mixed bed ion exchanger (IRA 400 OH" 
and IR 120 H*. BDH) RBC ' s were lysed at first with distilled water and 
toluol but in the later experiments with water only because toluol may bind 
to the hydrophobic interior of Hb (Riggs, 1981) and thus influence 02 bind-
ing Deiomzation lowered the conductivity (measured with a Philips PW 9501 
conductivity meter) to ca 1x10"* î2-1-cm"1 above the value of distilled 
water This is equivalent to 0 076 mM KCl if the conduction by hemoglobin 
is not taken into account The deiomzed solution (10-15 g/100 ml) was con-
centrated by ultrafiltration (Amicon Diaflow, filter PM30) Buffer (50 -
100 mM) and KCl (100 mM), if used, were added before concentration, DPG 
(2,3-diphosphoglycerate, 18 - 22 mM) thereafter The final Hb concentration 
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was 20 - 41 g/lOOml. The measurements were done with plain solutions or 
buffered solutions, the latter with or without added KCl and/or DPG. In 
§3 8 an overview of the experimental conditions is given To plain solutions 
200 mM glycerol was added to make the total solute concentration similar to 
that of the buffered solutions. This was done for two reasons, first, to 
have the same diffusion coefficients of O2 and Hb in each solution; second, 
to lower the water vapor pressure in the diffusion layers to prevent drying 
out. 
The buffer consisted of a mixture of Tris and Mops (50 or 100 mM total con-
centration). This made it possible to attain the experimental pH (7.40) 
without use of small anions or kations which may influence O2 binding (but 
see §§5.3.2 and 5 4 2) 
DPG was converted to free acid from the pentacyclohexylammonium salt (Sigma) 
by adding some cation exchanger (Dowex 50W-X8) to a concentrated solution of 
the salt. The concentration was checked by titration with alkali (Amiconi 
and Giardina, 1971) 
pH was measured w:th a Philips PW 9409 meter. The final measurement of pH 
was done m the concentrated solutions. In buffered solutions the pH was 
adjusted, if necessary, to the desired value of pH 7.40 with a concentrated 
solution of Tris or Mops buffer. The contact time between the pH electrode 
and salt-free solutions (plain Hb or with only Tris-Mops buffer) was kept 
below 20 sec to minimize KCl contamination of the solution. The KCl leak of 
the pH electrode was determined with the conductivity meter and amounted to 
10 ymol-hour-1 The minimal volume of the solution was 2 ml thus in 20 sec 
[KCl] would increase by 0.03 mM. 
The Hb solutions were stored at 0oC (melting ice). To prevent the formation 
of Methemoglobin complete desaturation of the solutions could be applied 
which, however, is impaired by the high affinity for O2 at 0oC At partial 
saturation the oxidation rate is highest (George and Stratman, 1952) There-
fore the hemoglobin solutions were completely saturated and kept under O2 
for at most 2 weeks. Solutions with DPG were kept no longer than 1 week. 
The Hb concentration and percentage MetHb were measured with a Perkin Elmer 
124 double beam spectrophotometer and a 1 cm cuvette. MetHb was measured 
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according to Kilmartin and Rossi-Bernardi (1971): 
"ÍMetHb = • 
Ε
λ
(2)-Ε
λ
(1) 
Ε
λ
(2)-Ε
λ
(3) 
with E,(l) = extinction of the sample diluted with СО-saturated buffer 
which converts the functional hemoglobin present to HbCO; E.(2) = extinction 
after converting the above sample to 100% HbCO by reducing the MetHb present 
with dithionite; E,(3) = extinction of the same sample if it contains only 
MetHb 
500 600 
wave length (nm) 
Figure 3.1 Spectra of carboxyhemoglobin (HbCO) and met- (fern) -hem­
oglobin (MetHb) Abscissa, wavelenght in nm. Ordinate: 
relative absorbance Vertical lines indicate the wavelengths used to 
measure the fraction MetHb m the sample pH. 6.00 
The spectrum of Methemoglobin is pH dependent and the largest change takes 
place around pH 8.03 (Antonini and Brunori, 1971). To avoid the influence of 
pH on the measurements the buffer used for dilution had a pH of 6.0 as 
recommended by Cameron and Somero (1969). The wavelengths used were 500, 
1.57 and 568 nm, which were considered to be optimal in combining a maximal 
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absorption difference with a minimal influence of spectrum shifting (see 
fig. 3.1). In the routine measurements E,(3) was calculated from E\(2) 
using previously determined quotients of both extinctions at the wavelenghts 
used. 100% MetHb -to obtain E,(3)- was made by oxidizing the sample with a 
slight excess of NaN02 (3 M/M) which does not disturb its spectrum (Cameron 
and Somero, 1969). These quotients (Ε
λ
(3)/Ε
λ
(2)) were 1.67, 0.33 and 0.24 at 
500, 557 and 568 nm respectively. The calculated XMetHb at the three wavel­
engths was reproducible within 0.5% in the routine measurements. 
The total Hb concentration was obtained from EcgoU) (100% HbCO) using the 
milliraolar extinction coefficient E.,. = 57.6 (van Assendelft, 1970). This 
was occasionally verified with the cyanMetHb method (van Kampen and Zijls-
tra, 1961). No deviations larger than 1.5 % were found. 
3.2 Diffusion chamber and diffusion layer 
The diffusion chamber (see also Bouwer et al., 1986) was in principle equal 
to the type described in the literature (De Koning et al., 1981; Tanishita 
et al., 1985). Fig. 3.2 shows the lower diffusion chamber in section. The 
upper diffusion chamber was identical. The construction of the valves per­
mitted unhindered flow of the flushing gases around the rod and along the 
gas chambers, not directly through them. Thus the total pressure in the 
chambers was not disturbed upon closure of the valves. 
The volume of each gas chamber could be calculated precisely from its dimen­
sions since its shape was that of a truncated cone on top of a cylinder. The 
total chamber volume (top + bottom) varied between 550 and 560 μΐ depending 
on the volume of the supporting ring and presence or absence of the solution 
(see below). 
The supporting membrane (fig. 3.2) was glued at the lower side of a metal 
ring of thickness 105 to 25 цт and an aperture of 8.2 to 3.04 mm diameter. 
Thin rings (e.g. 25 ym) were glued underneath a thicker one (with slightly 
larger aperture) to provide sufficient stiffness. The membranes were 1/4 or 
1/8 rail (5.4 or 3.2 ym respectively) Teflon (Dilectrix Co.) and later 
microporous Celgard 2000 (25 цт). The latter has a very high permeability 
for gases and is also less hydrophobic than Teflon which facilitates the 
placing of the liquid layer. Celgard adsorbs hemoglobin at one side as some 
colour remains after washing the Hb solution away. So care was taken to have 
the non-adsorbing side facing upwards. To glue the membranes toluol-diluted 
Bisonkit (Perfecta Chemie b.v., Goes, Holland) was used. The solution was 
spread in a thin layer around the rim of the metal ring and allowed to dry 
Figure 3.2 Lower diffusion chamber in cross section. 1-gas chamber in 
stainless steel block; 2-supporting rings for the support­
ing membrane (3) which is glued underneath the upper ring; 4-layer of 
Hb solution on the membrane; 5-bore hole for flushing gases perpendic­
ular to this section; 6-delrin cupped valve; 7-P02 electrode (2 mm 
Clark-type, Kimmich and Kreuzer, 1969); 8-quartz window for optical 
access to the diffusion layer; 9-0 rings; 10-upper diffusion chamber 
block. 6 and 7 are drawn disassembled for clarity. The quartz windows 
were used to measure the ODC of the Hb solution spectrophotometrically 
under the same conditions as holding for the diffusion measurements. 
to stickiness. Then the ring was pressed on a stretched piece of membrane. 
To place the solution on the membrane and measure its thickness the lower 
chamber block was placed under a support carrying a micrometer (accuracy ca. 
0.5 vm), a Hamilton syringe (volume 25 or 100 μΐ depending on the layer vol­
ume) holding the solution, and a hood which covered the gas chamber. Moist 
air was led into the hood to prevent evaporation. The Hb solution was 
placed with the syringe needle in a thick drop to cover the whole membrane 
and sucked back until its surface seemed flush with the surface of the sup­
porting ring (with needle tip withdrawn). The thickness of the liquid layer 
(about equal to the supporting ring) was measured by probing the membrane 
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surface and, after placing the solution, the meniscus with a fine needle 
attached to the micrometer. The accuracy was ca. 1 μπι. Corrections could be 
made by adding or withdrawing some solution. 
All this was done with the help of a binocular (15 or 30x) looking askew 
over the surface of the chamber block. A slide projector opposite to the 
binocular projected the image of a fine grating on the supporting ring and 
solution meniscus The reflection of this grating made it possible to con­
trol whether both surfaces were flush. 
After placing the layer the top chamber was quickly fitted on the bottom, 
the whole was put into the water bath (20°C ± 0.1) and gas supplies and P-
electrodes were connected. The horizontal position was checked with a water 
level (accuracy 0.3°). After the measurements the layer thickness L was 
measured in reversed order. Mostly it had changed somewhat due to condensa­
tion or evaporation. This produced a slightly spherical convex or concave 
surface as shown by the distortion of the grating projection (see above). A 
change in L is accompanied by a change in [Hb]-.. Mean values of both, to be 
used in the evaluation of the experiments, were calculated as follows The 
layer surface changes from flat to spherical upon a change in L. The volume 
change then can be expressed as (see: Wissenschaftliche Tabellen, Geigy, 
p.144): 
AV =-|ir-AL-(3r2+AL2) = iiT-r2AL 
with AV = change in volume of the liquid diffusion layer, r = radius of the 
diffusion area and AL = change in layer thickness as measured at the center. 
Because AL « r (0-10 yra vs. 1500-4100 urn) the simplification of omitting AL2 
is permitted. Thus the overall change of the layer thickness equals iAL 
from which AV and A[Hb]T and successively the mean L and mean [Hb]- were 
calculated. In thin layer experiments, measurements of plain and of facili­
tated diffusion were grouped and for each of them a mean L and [Hb]_ were 
calculated The experiments were arranged into two groups with respect to 
the change of layer thickness AL as measured at the start and at the end of 
an experiment (and at the center of the layer): I 0-20% and II 20-30% 
change. The rest was discarded. 
3.3 Preparation of gas mixtures 
Gas mixtures of O2 and N2 were made with a Wosthoff (Bochum FRG, type 
M300/a-f) gas mixing pump. When mixtures with low P- were required, air or 
a 1% 02-99% N2 mixture was fed into the pump instead of O2. The O2 content 
of these mixtures was checked by Scholander analysis (Scholander, 1947). 
The liquid layers were very labile concerning condensation and evaporation. 
After many attempts to keep the layer thickness constant the following 
scheme for saturating the gases with water vapor gave the best results. The 
gases passed three thermostated bubbling bottles (26 •* 26 •• 21.5 eC) and 
were stored in 50 ml syringes (22 - 25 eC) until use. From the syringes the 
gases first passed a wetted cotton thread in 50 cm long pipes which were 
submerged in the same water bath as the chamber block, before entering the 
block. The discharge rate was 2 ml-rain-1 giving a current velocity of ca. 1 
cm-sec
-1
 along the valves. The last bubbling bottle and the cotton thread 
contained ca. 100 mM KCl solution instead of distilled water to prevent 
oversaturation m comparison to the Hb solution. 
3.4 Measurement of the O2 flux and data handling 
3.4.1 Experimental procedure 
The procedure for a measurement was as described by de Koning et al. (1981). 
An experiment consisted of several measurements of the O2 flux, each one 
preceded by a flushing period of 10 to 15 minutes. This was sufficient for 
the development of stable gradients of O2 pressure and saturation which is a 
prerequisite for steady state conditions (see §3.6). Before closing the 
valves the electrode signals were recorded for calibration. After closing 
the valves the changing P
n
 in both chambers was followed by sampling the 
electrode signals at regular intervals. The Polarographie current was con­
verted to a voltage signal V , . The diffus ion-induced dP/dt m each gas 
chamber was small in comparison with Ρ (0.5-5 Pa.sec-1 vs. 20-90 kPa) and 
this also holds for the recorded dV ,/dt. Thus V , was not amplified 
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Figure 3.3 Recording of the P02 during a measurement. Abscissa: prog­
ress of the experiment. Ordinate: amplifier signals 
(Volt): Vg^ = electrode signal; V
c o m
= compensation voltage; Vdiff = Vel 
- V
c o m
 ; 1 and 2 referring to electrode in high and low P02 chamber 
respectively. Arrow on abscissa indicates closure of the chambers. The 
lower part of the scale on the ordinate is enlarged to amplify Vj^ff . 
directly but first a compensation voltage, V (= the initial V , ) , was 
subtracted. The difference V, .f, was amplified as shown in fig. 3.3. The 
values of V and the accompanying initial P- 's (equal to the P Q in the 
flushing gases) were used to calibrate the electrodes. The data (tempera­
ture, barometric pressure, ХОэ in the gas mixtures, V , , V -, V..,,., 
•
 r
 *
 0
 coral comz dirti 
V, .ff_ and moment of sampling) were recorded with a Fluke 2204A datalogger 
and stored on papertape with a Facit 4070 recorder. The course of V,.,, was 
also followed with a recorder to detect instrumental instability directly. 
In this way initial disturbances in V..
 f, after closure of the valves were 
excluded from the sampling of the data. 
3.4.2 Initial data processing 
The calculations were done with a DEC PDP-11/34 computer. The data on paper-
tape were copied on disk. With three successive, separate programs these 
data were transformed until ready for the calculations of plain and facili­
tated diffusion (see Chapter 5). By this modular design interim corrections 
are possible. The three programs were as follows: 
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I-The data were arranged and a warning was given for irregularities in 
the data file. These could be corrected with the help of the printed copy 
from the Fluke datalogger. 
2-For each measurement the course in the electrode signal (dVj.,f/dt) was 
calculated by linear regression on the sampled values of V..,, and moment 
of sampling. 
3-The initial P« in the chambers (P. and Ρ ) was calculated from the M j 
in the flushing gases and the barometric pressure minus water vapor pres­
sure. From P. and Ρ and the accompanying values of V , calibration 
lines were calculated for both electrodes. Then dV, .,,/dt could be trans­
formed to dP/dt. 
The resulting file thus contained for each measurement: P. , dP,/dt, Ρ and 
dP /dt, and served as a starting point for further calculations of plain and 
facilitated diffusion as described in Chapter 5. These three programs are 
explained more fully by Hoofd (1986). 
3.4.3 Accuracy of the ?
n
 electrodes O2 
It was tested whether the calibration lines which are linear over the range 
0-100 kPa (see also Kreuzer et al., 1980) are valid at Ρ -» 0 because meas­
urements were also done at very low P_ . Calibration points at low Ρ were 
obtained by feeding the gas mixing pump with low P« gas instead of pure O2. 
The points (range 0 - 200 Pa in steps of 10 Pa) fell on the calibration 
lines obtained before, thus confirming the validity of these calibration 
lines at low Ρ,, . 
At first the P_ electrodes sometimes showed "overshoot" when subjected to 
high O2 pressure (>ca. 40 kPa) during flushing. The effect was relatively 
small (<1% of the total signal) but until fading away it made the measure­
ments of the O2 flux impossible because the diffusion- induced pressure 
change dP/dt is very small (see §4.1). The overshoots were avoided by 
applying less stress on the cathode-covering Teflon membrane, by using a 6.4 
μπι (1/4 mil) instead of 3.2 μιη (1/8 mil) membrane which halves the electrode 
current, and by some roughening of the cathode surface. This suggests that 
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the overshoots might be caused by product inhibition of the 02-consuming 
chemical reactions in between cathode surface and covering membrane. 
Despite the extensive use of Clark-type P- electrodes no remarks on this 
overshoot phenomenon could be found in the literature, probably because it 
is only significant at very large amplification of the electrode signal as 
needed here. However, van Beek (pers. comm., 1987) did find overshoots using 
the same P., electrodes as in this work. 02 
3.5 Membrane stiffness 
The membrane stiffness parameter ω (eq. (2.32)) was determined by measuring 
the bulging of the membrane (Д ) with the micrometer when a small overpres­
sure was applied in the lower gas chamber. The supporting ring with the mem­
brane was clamped on its seat The overpressure was measured with an open 
U-tube manometer filled with ethanol. This has a lower density (0.80) than 
water which increases the accuracy of the manometer. Because the overpres­
sure is equally distributed and perpendicular to the membrane surface layer 
bulging is spherical. The formula for Д was given by eq. (3.2). AL in this 
case is the central displacement of the membrane measured with the microme­
ter. The same simplification can be applied since here too AL « r (10-30 \im 
vs. 1500-4100 um). From AV and ΔΡ the membrane stiffness u was calculated 
using eq. (2.32). In this equation V. and V were calculated from: V,+V = 
V T and V,/V = a /a. (from eqs. (2.34 a) and (2.34.b)); a and a, were 
determined from measurements of plain diffusion (see Chapter 5). 
3.6 Deviations from ideal conditions 
3.6.1 Efficiency of chamber flushing 
P, and Ρ will not be equal to the Oj pressure in the matching gas mixtures 
since flushing will not completely supply or remove O2 which diffuses from 
one chamber to the other. The efficiency of flushing was determined as 
follows. Both gas chambers were flushed with N2. Next, in one chamber the 
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P_ was increased This also raised the Ρ„ in the Nj-flushed chamber 
O2 O2 
slightly due to incomplete removal of the entering O2. Finally, dP/dt was 
measured as described (see §3 4 1) by closing the valves The increase of Ρ 
in the N2-flushed chamber was proportional to dP/dt as measured m the other 
chamber with dP/dt= 1 Pa·sec"1 the increase was 26 or 19 Pa at a flushing 
rate of 2 or 5 ml-min"1 respectively In the diffusion measurements dP/dt 
was maximally 3 Pa·sec-1 at large ΔΡ (ca 80 kPa) Thus these deviations are 
insignificant concerning plain diffusion However, facilitated diffusion 
might be impeded because back pressure at the low pressure side (P or upper 
chamber) will raise the saturation especially when P50 is low. Therefore, 
when measuring facilitated diffusion m solutions with low P50 (< ca 400 
Pa), Ρ was corrected for the above "rebidual" Ρ using the measured values 
of dP/at 
3.6.2 Deviations from steady state conditions 
During the measurements P. and Ρ change This is inherent in the method of 
measuring the flux but runs counter to the stated boundary conditions of Ρ 
(eq (2 5b)) The deviations from the initial values of P, and Ρ did not 
exceed 1Θ0 Pa (from dP/dt χ duration of measurement) During the measure­
ments there was always a linear decrease in Ρ indicating that facilitation 
was not impeded by the increasing P
n
 at the low pressure side An extra 
check on steady state conditions was done by measuring facilitated diffusion 
with both chambers closed (as usual) and again with the upper chamber con­
tinually flushed with N2. dP./dt wab not significantly higher in the latter 
case (sign test, p>0 05) This test was done on solutions with P50 = ca. 400 
and 1200 Pa. However, the P50 of stripped human Hb is very low (ca. 110 Pa 
at 20oC) Flux measurements on these solutions were done with continually 
flushed upper chamber to be certain that no back pressure other than origi­
nating from incomplete flushing (see previous section) occurred 
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3 7 Oxygen s o l u b i l i t y c o e f f i c i e n t . 
Hemoglobin increases the physical solubility α of O2 m water, in contrast 
to salts and other proteins (Sendroy et al., 1934). Spaan et al. (1980b) 
combined the results of Chnstofondes and Hedley-Whyte (1969) and of Sen­
droy et al. (1934) to obtain the following formula. 
oHb = a H 2 0 - ( 1 + 0 0 0 0 3 1 2 - [ H b ^ - A e s a l t S 
with [Hb]-, in g-1"1. o„
 n
 was obtained from Hodgman e t a l . (1957, p. 1606) 
and was 0.0310 ml-ml"1-atm"1 = І . З б З х Ю - 5 M-kPa- 1 a t 20 e C. Δα .„ was c a l -
salts 
culated from the relative decrement of α upon addition of salts. Guesnon et 
al. (1979) obtained a linear decrease of о with increasing salt concentra­
tion up to 400 mM Extrapolated to 1 M, the decrease was 35 X both with NaCl 
and sodium lactate, at 250C. Sendroy et al. (1934) measured a decrease of 
26 % under the same conditions. In the present study we assumed о to 
decrease by 30 % in a 1-molar solution regardless of its composition. The 
total concentration of buffers and salts did not exceed 200 mM. 
3.8 Overview of experimental conditions 
The most important factors influencing Oj binding of mammalian hemoglobins 
are temperature, pH, CO2, DPG and Cl_ (see Chapter 1). In the selection of 
the experimental conditions the following limitations had to be taken into 
consideration: 
1) It was not possible to maintain liquid layers thinner than ca 28 um 
because of the sensitivity of the layer to the slightest amount of evapo­
ration or condensation. This set the upper limit of the temperature to ca 
20oC. At higher temperature the effect of nonequilibrium on the O2 flux 
becomes undetectable in a 28 um layer because of increased reaction rates 
In addition at higher temperature it will become more difficult to keep 
evaporation or condensation within bounds. 
2) The P 0 electrodes are sensitive to CO2 (Kreuzer et al , 1980). With 
proper electrode buffer and corrections for non-linear calibration lines 
due to CO2 it should be possible to use gas mixtures which contain CO2. 
Table 3.1 Overview of the conditions for the diffusion experiments 
Hb t y p e 
Bovine 
Human 
Buffer (M) 
T n s - M j p s KCl DPG 
0.050 0 0 
0.050 0.100 0 
0 0 0 
0.100 0.100 0 
0 080 0.100 0.020 
D i f f u s i o n l a y e r (μπι) 
t h i c k t h i n 
( c a . 100) ( c a . 30) 
X X 
χ ' X 
X 
X 
X X 
pH 
(Oxy-Hb) 
7.40 
7.20 
6.95 
7.36 
7 40 
The Hb concentration was 20 to 30 g·100 ml - 1 except with χ', where it 
was varied between 20 and 41 g-100 ml - 1 to determine Dm, and D02 in a 
large concentration range Glycerol (200mM) was added to the salt-
free human hemoglobin solution to increase osmolarity in order to pre­
vent evaporation of the solution. 
In the present investigation only N2-O2 mixtures were used to flush the 
chambers. 
3) The present theory does not take into account the effects of an elec­
trical potential across the layer. However, such a potential can arise in 
the following way. During (de)oxygénâtion Hb takes up (releases) protons 
(Bohr-Haldane effect) and anions as CI" and DPG. Thus a saturation gradi-
ent across the layer can be accompanied by a gradient in pH and m anions. 
The potentials arise because Hb which is the counter-ion to each of the 
above ions has a much lower mobility. This is explained more fully by 
Hoofd et al.(1984). The potentials and their effect on facilitation were 
demonstrated by Breepoel et al. (1980) and De Koning et al. (1980) respec-
tively. The latter authors showed that facilitation was impeded (P_ low-
ered) at low KCl concentration (ca. 20 mM) and remained unaffected either 
with [KCl] = 0 or > 100 mM. Thus to avoid potentials the present solutions 
of Hb were kept either salt-free or contained 100 mM KCl. 
Table 3.1 gives an overview of the diffusion experiments. ODC's were meas-
ured in the same conditions. The measurements with thick layers of bovine Hb 
solution were done first to obtain the diffusion coefficient of Hb at vari-
ous [Hb]T. 
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4. THE OXYGEN DISSOCIATION CURVES OF BOVINE AND HUMAN 
HEMOGLOBIN 
4.1 Mathematical model 
In Chapter 2 the relation between Ρ and S aï chemical equilibrium was 
briefly defined with the help of P« in eqs. 2.11.b and 2.16. However, P« is 
dependent on S in the case of hemoglobin and α more elaborate model giving S 
as a function of Ρ alone is required. Several mathematical models are 
available from the literature (see: Edelstein, 1975). The ability of the 
most important ones to describe accurately an experimentally obtained ODC 
was investgated by O'Riordan et al. (1985). It was shown that over the satu­
ration range 0.2-0.98 the Hill equation adequately describes the ODC with 
two parameters to be fitted. n(Hill) and P50· Models with more parameters 
which may be based on hypotheses on the functioning of hemoglobin (Adair's 
model, MWC-model, see Antonini and Brunori, 1971) can describe the ODC over 
the entire saturation range (0-1). However, as shown by O'Riordan et al. 
(1985) the parameters are often strongly correlated and thus difficult to 
fit. For the present purpose an explanatory model was not needed but the 
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simple Hill model could not be used because of its failure to describe thp 
lower part of the ODC. It is in this part that deviations in the saturation 
S due to chemical nonequilibrium are expected (see § 2 6) The present model 
is based on Adair's scheme According to this scheme (Adair, 1925) specific 
equilibrium constants Κχ, Kj, K3 and K^ are assigned to each of the four 
steps in the oxygenation of hemoglobin Either overall or intrinsic con­
stants can be defined which are related to each other by statistical fac­
tors This is explained by the following example. At the third oxygenation 
step 
№(02)2+02 * Н Ъ О г Ь 
there are two vacant sites available for the forward reaction and three 
occupied sites for the backward reaction. Thus it follows for the equilib­
rium constant K3 that Кз(о егаіі) = 2/3K3(intrinsic). Likewise for the 
first, second and fourth step the statistical factors are· 4, 3/2 and 1/4 
respectively. Describing the saturation S in terms of the intrinsic К 's and 
Ρ gives : 
КхР+зКхКгР^зКхКгКзР'+КхКгКзК^р* 
(4 1) S = 
Ж^Р+бКхКгР^КхКгКзР'+КхКгКзК^Р* 
Absence of cooperativity implies that Кі=К2=Кз=К^=К and then eq. (4.1) 
reduces to. 
K-Pd+K-P)1 K-P 
(4 2) S = = 
(l+K-P)" 1+K-P 
which is the equation holding for a one step reaction as is the case with 
myoglobin (Mb) Note that К as defined here (m kPa-1) and subsequently in 
this chapter is different from К (in mM - 1) in eq. (2.2). In case of a uni­
form К (eq. (4.2)) the saturation curve has the form of a rectangular hyper­
bola. The presence of positive cooperativity, as is the case with hemoglo­
bin, implies that at least one of the intrinsic constants K2, K3, K^ is 
larger than Κχ. In the present model it is assumed that at each ligation 
step the binding strength is increased by a constant factor v'1 (according 
to Hoofd: see O'Riordan and Goldstick, 1985) This is the same starting 
point as in Pauling's tetrahedral model (Pauling, 1935) In that model the 
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Table 4.1 Relation between the binding parameters of Adair's model 
(1925), Pauling's model (1935) and the present model of the 
ODC. 
Adair 
(ovprall) 
Ki «1/4 
Кг *2/з 
Кз "3/2 
Κ* χ 4 
(1925) 
(intrinsic) 
Ki 
Кг 
Кз 
к* 
" According to Hoofd, see 0 
Pauling (1935) 
(intrinsic) 
К 
ν ·Κ 
ν
2
·Κ 
ν'-Κ 
'Riordan and Goldst 
present4 
(intrinsic) 
ν' ·Κ 
ν ·Κ 
ν-
ι
.Κ 
ν-'-Κ 
ick, 1985. 
binding sites of hemoglobin are located at the corners of a tetrahedron 
which connects each site to all others. Thus ligation of one site invariably 
increases the binding strength of all other sites. (In contrast, Pauling's 
square model -which is better known and was also preferred by himself-
allows interaction only along the sides of a square at whose corners the 
binding sites are located. In that case ligation of one site does not influ­
ence all other sites.). In table 4.1 the four binding parameters according 
to Adair, Pauling and the present model are listed. Originally Pauling 
(1935) called his ratio parameter a. Here it is replaced by ν to prevent 
confusion with the a's in eqs. 2.34.a and 2.34.b. Since positive cooperation 
implies that K. increases at each ligation step, ν must be larger than unity 
in Pauling's model and smaller than unity in the present model. Insertion 
of the last column of table 4.1 into eq (4.1) gives the present formulation 
of the relationship between the saturation S and Ог partial pressure P: 
v
3KP+3vl,K2P2+3v3K3P3+K''P'' 
(4.3) S(P) = 
l+4v3KP+6v''K2PJ+4v,K3PJ+K''P'' 
The derivative of eq. (4.3) to Ρ is also needed for the evaluation of \ (eq. 
2.15) and is: 
dS(P) v,K+6v''K2P+9v3K3P2+4K''P3 4 
(4 4) = S 2 
dP l+4v3KP+6v''K2P2+4v3K3P3+K''P'' Ρ 
К in the above equations (4 3) and (4 4) equals Pso-1· Insertion of Ρ = PSQ 
= K"1 in eq. (4.3) gives S = 0.5. For any pair (Ρ,Β) calculated from eq. 
(4.3), Pj. in eq. (2.16) can now be calculated. At S = 0 5,Ρ« = ?50. 
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(4.5) 
(4.6) 
The extreme values of P K (at S=0, P=0 and at 5=1, P-»·-) are Pj. = PSQ-V" 1 and 
PK = Р50' у 3 respectively. The present model for the ODC is symmetrical 
around К or P50 The median O2 pressure P« (defined as (Ki-Кг-Кз-К^)" ) 
equals 1/K in the present model and v"1*5/K in Pauling's model 
In Chapter 2, Ρ (or e(S)) is required as a function of S while the above 
equations give S as a function of P. Therefore, e(S) was calculated from S 
by iteration of eq. (4.3) and de(S)/dS was obtained by inversion of eq. 
(4 4). Like the Hill equation the present model describing the ODC has two 
parameters The half saturation pressure P50 is the same in both models The 
relationship between Hill's η and ν is obtained as follows. First, dS(P)/dP 
is derived from Hill's equation which gives: 
dS(P) n-Pso"·?11"1 
dP (Р50 П +Р П) 2 
Both eqs. (4 4) and (4.5) are evaluated at Ρ = P50 and in eq (4.4) the fact 
is used that K-Pjo = 1. Equating both equations gives: 
n(Hill) K-fv'+l) 
4-P50 mv'+av" 
(4.7) 
From К = l/Pso the relationship between n(Hill) and ν follows 
4+4vJ 
n(Hill) = 
l+4v5+3v'' 
1.6 
1.2 
08 
04 
η(ΗιΠ) 
Figure 4 1 Relationship between n(Hill) and v(present model) calcu­
lated with eq (4 7) 
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4 2 Experimental determination of the ODC 
The oxygen dissociation curve (ODC) was measured spectrophotometrically in 
the diffusion layer via the quartz windows m the chamber blocks (see fig 
3 2) Thus the conditions were identical to those during the diffusion meas­
urements The layer (ca 50 um thick) was supported by a 3 2 um Teflon 
membrane (which is transparant) on a 50 um metal ring The diode photometer 
described by Fesler and Clerbaux (1974) was used The light emitting diode 
was fitted to one window and the receiving photocell to the other Discrete 
points on the ODC were measured by stepwise changing the P 0 (equal in both 
chambers) with the help of the gas mixing pump The saturation was calcu­
lated from S = (Ep-Eo)/(Ej-Eg) E^ and EQ are the photometer readings with 
5 = 1 and S = 0 obtained with high Ρ and P=0 respectively and were deter­
mined at the start, halfway and at the end of an experiment At the end the 
difference between Eg and Ei was ca 1.5% smaller than at the start. It was 
assumed that this was due to the formation of MetHb The same amount of 
MetHb will be formed during the diffusion experiments because these lasted 
about as long £„ is the photometer reading at some intermediate Ρ and was 
determined in a series of measurements with increasing as well as decreasing 
Ρ The time needed for complete desaturation was 5 - 1 0 minutes depending on 
the P50 of the sample. 
Provided that there is a linear relationship between absorbance and concen­
tration according to the law of Lambert-Beer, only relative values of the 
absorption are needed to obtain the saturation S Thus the concentration of 
hemoglobin in the layer should not be too high because then there will be 
deviations from the above linearity On the other hand the accuracy of the 
measurements will decrease with decreasing hemoglobin concentration Spaan 
et al. (1980b) used a photometer and diffusion layer comparable to the pres­
ent one and calculated that in a 250 um layer [№]_ should not be lower than 
8 g· 100 ml"' in order to have an accuracy of 1 % saturation at ca. 670 nra 
wavelength (as used here) In the present set-up the layer thickness was 50 
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Via which means that [Hb]_ should not be lower than 40 g-100 ml - 1. Actually 
the used concentration was half this value. This implies that although the 
law of Lambert-Beer holds and calibration of the photometer was not neces­
sary, the accuracy in the present measurements was worse than 1%. Repeated 
measurements yielded P50 not differing more than ca. 5 % as shown m table 
4.2, a still satisfactory reproducibility. 
4 3 Evaluation of the measurements and results 
Fig. 4.2 shows examples of the measurements of the ODC's of bovine (A) and 
human (B) hemoglobin. The parameters P50 and ν (in eq. (4.3)) were fitted to 
the measurements as follows: 
1) From the Hill plots P50 was determined by linear regression on the 
points -in Hill's coordinates- in the interval 0.2 < S < 0.8. Also the 
Hill coefficient -n(Hill)- was calculated. 
2) The above P50 was inserted in eq. (4.3) via K=P5o"1 and ν was calcu­
lated by non-linear regression from the measurements. The criterion for 
the best fit was the sum of the squared residuals which must be minimal. 
Only the points in the lower part of the curve (0 < S < 0.8) were used 
because deviations in the saturation, due to chemical nonequilibnum, 
occur in the lower part of the ODC (see Chapter 2). Thus a precise 
description in this part is essential for the evaluation of the diffusion 
experiments. 
Table 4.2 shows results for P50 a nd v· Two different values of the Hill 
coefficient are tabulated. n(v) was calculated by insertion of the calcu­
lated value of υ into eq. (4.7) while n(Hill) was calculated directly from 
the Hill plots. The difference in the models leads to slightly different 
values of n. The pH was lower in the oxygenated solutions, which is in 
accordance with the expected alkaline Bohr effect· at oxygenation of hemo­
globin H + is released. Both hemoglobins had the lowest P50 (highest affinity 
for O2) when no salts were added Addition of KCl raised the P50 in bovine 
and human hemoglobin but most in bovine hemoglobin. DPG increased the P50 of 
human hemoglobin further. It is also shown that the mixture of Tris-Mops 
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Figure 4.2 Hill plots of the measurements of the ODC's of bovine 
(panel A) and human (panel B) hemoglobin solutions. Num­
bers: measurements. Lines, fitted according to eq. (4.3). Numbers 
refer to the experimental conditions and agree with the numbers in 
table 4.2 
Table 4.2 Parameters describing the ODC's of the hemoglobin solu-
tions. 
Hb type Buffer (mM) 
Tr/M KCl DPG 
pH 
Oxy/Deoxy 
Pso 
Pa f (ν) n(Hill) 
A Bovine 1 
2 
3 
В Human 
(glycerol) 
50 0 0 
50 100 0 
(glycerol) 
100 100 0 
80 100 20 
80 100 20 
7.00/7.06 
7.32/7 36 
7.32/7.36 
6 95/7.05 
7.36/7.40 
7.37/7.42 
7 41/7.46 
550±25 
676І30 
1740180 
110+ 7 
414+ 3 
1175115 
1252136 
0.47-0.48 
0.44-0.50 
0.48-0.50 
0.53-0.50 
0 47-0.50 
0.53 
0.51-0.59 
2.80 2.77 
2.83 2.95 
2.72 2.75 
2.59 2.40 
2.75 3.01 
2.51 2.65 
2.40 2.69 
All measurements were done at 20 ± 0.1oC. The hemoglobin concentration 
was 2 8-3.4 mM thus DPG/Hb was 6-7. The % MetHb did not exceed 5 %. 
Measurements with glycerol (200 mM) in the solution contained no other 
salts or buffer. The number of measurements was 2-4 for each condition 
and for P50 the range is given. n(v) was calculated from eq. (4.7), 
n(Hill) was determined directly from the measurements. 
buffer alone (without salt) influences the P50 of bovine hemoglobin The 
solution with added buffer had a higher pH than the pure solution (7.32 vs 
7 00) Thus on account of the Bohr effect the former was expected to have a 
lower P50 Actually the P50 in the buffered solution was higher than in the 
pure solution (676 Pa vs. 550 Pa). 
4 4 Discussion 
Mammalian hemoglobins all share the property that their intrinsic affinity 
for O2 is much larger than that encountered in the RBC. Two types of adult 
hemoglobin can be discerned with respect to the principal modulator which 
brings about the bulk increase of the P50 in the RBC. 
1) Hemoglobins with high intrinsic O2 affinity. The P50 of these hemoglo-
bins is increased by 2,3-diphosphoglycerate (DPG) This intermediate of 
glycolysis is present in about equimolar concentration in the RBC. Most 
mammalian hemoglobins including human hemoglobin belong to this group 
2) Hemoglobins with a somewhat lower intrinsic O2 affinity. The P50 of 
these hemoglobins is much less lowered by DPG. Accordingly the latter is 
almost absent in the RBC1s of the adult animals However, in newborn 
calves DPG is present in the RBC's (Breepoel, 1978). This second group 
includes the Felidae (cats), Cervidae (deer) and Bovidae (cow, sheep, 
goat). Also the rhinoceros and tapir belong to this group (Baumann et al., 
1984). 
The high concentration of DPG in mammalian RBC's and its absence in feline 
and bovine RBC's was established by Rapoport and Guest (1941) The primary 
function of DPG in the regulation of the O2 affinity of hemoglobin was dis-
covered by Benesch and Benesch and by Chanutin and Curnish, both in 1967 An 
overview of the occurrence of DPG in mammalian RBC's and the accompanying 
sensitivity of hemoglobin to this polyamon is given by Bunn et al. (1974) 
In bovine hemoglobin the lower affinity for O2 under physiological condi-
tions is partially brought about by a lower intrinsic affinity and partially 
because CI" increases the P50 of bovine hemoglobin much more than that of 
human hemoglobin (Fronticelli et al , 1984). Both the lower intrinsic 
64 
affinity for Û2 (higher P50) of bovine hemoglobin and its higher sensitivity 
to CI" are confirmed by the present measurements (table 4.2). The buffer 
itself apparently also lowers the Pso, at least with bovine hemoglobin: 
despite the absence of small anions as CI" and the higher pH (7.36) with 
respect to the stripped solutions (pH 7.03), the P50 increases (from 550 to 
676 Pa) upon addition of the Tris-Mops mixture. This agrees with the state-
ment of Amiconi et al. (1981) that there are no ionic species which are 
'neutral' towards hemoglobin. In the physiological concentration range (< 
0.2 M) the influence of the anions dominates that of cations (Amiconi et 
al., 1981). Tris and Mops buffer were initially chosen because they seemed 
to be indifferent towards hemoglobin whereas Hepes and Hepps buffer lower 
both the P50 and the Bohr effect of hemoglobin (Wells, 1982). The present 
results show that it is probably the other way around: with Hepes and Hepps 
buffer the P50 remains closer to its intrinsic value. Glycerol which was 
added to plain solutions also raises the P50 somewhat as shown by Bulone et 
al. (1983): at 22CC, log P50 of human hemoglobin is increased by ca. 0.025 
on the addition of 200 mM glycerol. Thus in the present conditions the P50 
of human hemoglobin in absence of any addition would be 103 instead of 110 
Pa. The effect of glycerol on bovine hemoglobin is probably somewhat larger 
because bovine hemoglobin exposes a larger hydrophobic surface when it 
switches from the T-state to the R-state upon oxygenation (see below). The 
effect of DPG on bovine hemoglobin was not measured since this anion is of 
less importance in adult bovine RBC's. Breepoel (1978) showed that at 250C 
DPG raised the Pso of adult bovine hemoglobin by 50 and 100 % at pH 7.40 and 
7.00 respectively. As shown in table 4.2 the influence on human hemoglobin 
is much larger. 
To compare the present values of P50 with literature values an estimation of 
the enthalpy of the oxygenation is necessary. With the van 't Hoff equa-
tion, dlogPso/dT = -AH/(2.303-R-T2)1 the Pso's from the literature can be 
recalculated to the present temperature (20oC). As shown by Jayalakshmi and 
Seakins (1976) and by Sinet et al. (1982), dlogPso/dT is constant from 20 to 
40eC. Thus enthalpy ΔΗ varies with 1/T2 only which is 13 % in the tempera­
ture interval 20-40 0C. Table 4.3 summarizes some literature values of ΔΗ 
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Table 4.3 Literature data of total enthalpies (ΔΗ, m kJ/mol) of the 
oxygenation of hemoglobin at 20 С 
A) Bovine hemoglobin 
Breepoel (1978) 
B) Human hemoglobin 
Amiconi et al. (1981) 
Imai & Yonetani (1975) 
Sinet et al. (1982) 
Ішаі (1979) 
Mean values for 
human Hb 
Buffer CI" DPG 
(M) (M) (mM) 
0.1 
0.1 
0.1 
0.1 2 
0.2 BTr 0.01 
0.2 0.1 
0.2 0.1 0.5 
0.05 BTr 0.1 
0 05 0.1 2 
0.1 Tr/M 0.1 
0.1 0.1 20 
pH 
7.40 
7.00 
7.00 
7.40 
7.40 
7.00 
7.00 
7.00 
7.40 
7.40 
7.00 
7.40 
7.40 
ΔΗ 
(U/mol) 
-24.4 
-88.7 
-64.0 
-52.3 
-44.8 
-73.8 
-55.2 
-45.6 
-51.5 
-41.8 
-88.7 
-55.0 
-43.0 
The hemoglobin concentrations in the present measurements were higher 
than those in the literature and thus [DPG] was also higher. In the 
column "Buffer" BTr means BisTris and Tr/M indicates a mixture of Tris 
and Mops buffer 
for bovine and human hemoglobin and gives the mean values used in this study 
to recalculate literature values. Note that here ΔΗ is the sum of enthalpies 
of O2 binding, oxylabile proton and anion binding, physical solution of O2, 
and the action of the buffers, also of hemoglobin itself. 
Table 4.4 shows that there is good agreement between the present values of 
P50 and the literature data. Only data on plain hemoglobin solutions are 
scarce. The term "stripped", which is often used, refers mostly to organic 
phosphates as DPG while buffer salts are still present; as discussed above 
Tris and/or Mops buffers raise the P50 of bovine hemoglobin and probably 
also of human hemoglobin. Hill's cooperativity coefficient η does not vary 
with the P50 in bovine hemoglobin; in human hemoglobin η seems to be lower 
in stripped solutions which agrees with the literature data. 
Both the lower intrinsic O2 affinity of bovine hemoglobin and its relative 
insensitiYity to DPG can be explained by the alterations in the cleft 
between the ß-chains. In human hemoglobin DPG binds in this cleft and stabi-
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Table 4.4 Comparison of present values for P50 and n(Hill) with lit­
erature data. 
Buffer CI" DPG/Hb 
И ) (M) (M/M), 
A) Bovine hemoglobin 
1- (water+glycerol) 
2- 0.05 
0.05 0 007 -
3- 0 05 0 1 
0.05 0 1 
0.05 0 1 
0 1 0 1 -
0.05 0.1 
В) Human hemoglobin 
1- (water+glycerol) 
0.02 
(water) 
0.05 
0.05 0.007 -
(water) 
2- 0.1 0.1 
0 1 
0.03 0.1 
0 03 0 1 
0.1 
0.05 0 1 
0.05 0 1 
0.05 0.1 
0.05 0.1 
3- 0.08 0.1 6-7 
0.1 3 
0.03 0.1 10 
0.05 0.1 10 
0 05 0.1 13 
рн 
7.00 
7 32 
7 40 
7 32 
7 40 
7 20 
7 40 
7 40 
7 00 
7 40 
7 00 
7 00 
7 40 
7 00 
7 38 
7 40 
7 20 
7 60 
7 00 
7 20 
7 40 
7 40 
7 30 
7 42 
7 40 
7 20 
7 20 
7 40 
Source 
present data 
present data 
Perutz & Imai,1980 
present data 
Perutz i Imai,1980 
Bunn et al ,1974 
Fronticelli е. a,1984 
Breepoel,1978 
present data 
Rifkind & Heim,1977 
Amiconi et al.,1981 
Guesnon et al. , 1977 
Perutz í Imai,1980 
Antomni&Brunon, 1971 
present data 
Imai & Yonetani,1975 
Bunn & Guidetti,1972 
Amiconi et al. ,1981 
Bunn et al ,1974 
Guesnon et al ,1979 
Perutz & Imai,1980 
Shaklai et al.,1978 
present data 
Imai & Yonetani,1975 
Bunn & Guidotti,1972 
Bunn et al.,1974 
Perutz & Imai,1980 
P50 η 
(Pa) 
550 2.77 
676 2.95 
878 2.75 
1740 2 75 
1876 2 98 
1569 2 90 
2023 
1695 2.80 
110 2.40 
158 
166 2.40 
235 
148 2.40 
113 2.4 
420 3.00 
402 2.99 
502 3.07 
317 2.92 
596 2.5 
532 
808 
513 3.02 
429 
1210 2.7 
1085 3.28 
1490 2.83 
1396 
1364 3.08 
exp. 
temp. 
20 
20 
25 
20 
25 
20 
37 
25 
20 
25 
20 
25 
25 
20 
20 
20 
20 
20 
20 
20 
25 
25 
20 
20 
20 
20 
20 
25 
The column "exp. temp " refers to the temperature at which P50 and 
n(Hill) were actually measured. These data were recalculated to 20oC 
with the help of the enthalpies from table 4 3 
lizes the T-state which has low affinity for O2. However, m bovine hemo­
globin the situation is changed because of the replacement of the histidmes 
at position B-HA2 by methionine and the deletion of the valines at the ami-
noacid ends, also at the ß-chains. These alterations cause a decrease in the 
affinity of bovine hemoglobin for DPG. Instead, the T-state of bovine hemo-
globin is probably stabilized by hydrophobic interactions from the more 
hydrophobic methionine as shown by Perutz and Imai (1980). This explains the 
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low O2 affinity of bovine hemoglobin even m absence of DPG. The relative 
increase of hydrophobic interactions in bovine hemoglobin was experimentally 
demonstrated by Vitrano et al. (1984) These workers showed that a decrease 
of the dielectric constant of a hemoglobin solution (brought about with var-
ious alcohols) increased the P50 of bovine hemoglobin less (i.e stabilized 
the T-state less) than that of human hemoglobin. From this they concluded 
that without the addition of these cosolvents the transition from the 
T-state to the R-state is inhibited (1 e. the T-state is stabilized) in 
bovine hemoglobin due to the exposure of a larger hydrophobic surface than 
in human hemoglobin upon oxygenation 
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5 EVALUATION OF THE DIFFUSION EXPERIMENTS 
5.1 Introduction 
In Chapter 2 mathematical formulations were developed describing steady-
state facilitated O2 diffusion accompanied by chemical nonequilibnum. Â 
model calculation, based on these formulations, predicted the effect of 
nonequilibnum on the O2 flux (fig 2 6) and on the profiles of Ρ and S in 
the diffusion layer (fig 2.7) Concerning the effect on the O2 flux the 
validity of the theory is confirmed by the experiments as shown in fig. 5.1. 
This figure represents two diffusion experiments in a thick (A) and thin (B) 
layer of hemoglobin solution. Each experiment included measurements of both 
plain (χ) and facilitated (o) diffusion and the measurements yielded dP/dt 
in pairs, 1 e. both for the upper gas chamber (points on lines with posi­
tive slope) and for the lower gas chamber (points on lines with negative 
slope). Note, that on the ordinate dP/dt is put instead of the O2 flux as in 
fig. 2.6. The principle difference between dP/dt and J is connected to the 
correction for layer bulging (see below). The figure and the curves through 
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Figure 5.1 Example of diffusion measurements in a thick (A) and thin 
(B) layer of bovine hemoglobin solution. Buffer solution: 
50 mM Tris-Mops + 100 mMol KCl, pH 7.40. Panel A: Teflon membrane, L = 
98 ym. Panel B: Celgard membrane, L = 29 urn. Abscissa: partial P02 
difference across the layer. Ordinate: measured change of P02 in the 
diffusion chambers. 
χ, : measurements and regression line for plain diffusion. 
o, : measurements and regression line for facilitated diffusion. 
in В : regression line assuming chemical equilibrium. 
Outliers were detected as described by Hoofd (1986) and are crossed 
out in the figure. 
the points were generated by computer programs which also made the 
calculations. These programs are described in the next sections. 
Basically the experiments were worked out as follows. From the slopes of the 
dashed lines (fig. 5.1.A and B), which indicate plain O2 diffusion, D Q was 
calculated. Using this D- , the distance between the dashed and solid lines 
in fig 5.1.A yielded DH, . Finally, from the relapse of the solid lines to 
the dashed lines in fig 5.1.В the association and dissociation rate parame­
ters k' and к were calculated using D 0 and D,,. . 
Measurements of plain diffusion were done by applying back pressure; the 
high pressure side was either in the bottom (ΔΡ positive) or top chamber (ΔΡ 
negative). These measurements lie as expected around straight lines through 
the origin after correction for layer bulging. Despite the fact that the 
diffusion layer in the thin layer was about 3x smaller than in the thick 
layer experiment, the diffusion rate (dP/dt) was about equal in both experi­
ments because the diffusion area was also ca. 3x smaller in the thin layer 
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experiment. To measure facilitated diffusion one chamber was flushed with 
pure N2 (P=0). This was always the top chamber where there is direct contact 
between solution and gas phase (Ρ^Ρτ ) · Thus ST , which is most sensitive to 
back pressure and nonequilibnura, is not disturbed by a membrane-induced 
increase of P.. In the thick layer (fig. 5.1A) the measurements are posi­
tioned on a line parallel to the plain diffusion line, at least in the top 
chamber. According to fig. 2 6A this indicates chemical equilibrium between 
hemoglobin and Oj. In the top chamber layer bulging has no effect on dP/dt 
because there Ρ = 0. In the bottom chamber neither measurements nor regres­
sion line are parallel to the corresponding plain diffusion line because of 
layer bulging. 
Measurements of facilitated diffusion in the thin layer (fig. 5. IB) and the 
accompanying fitted curve relapse to the plain diffusion line at increasing 
ΔΡ. This is emphasized by the dotted lines which were calculated under the 
assumption of chemical equilibrium. Comparison of figs. 2.6B and 5.IB shows 
that the measurements of facilitated diffusion in the thin layer are ade­
quately explained by the present formulas describing nonequilibnum facili­
tated diffusion. The formulas are repeated here from Chapter 2 for clarity. 
The relationship between the measured dP/dt and the imposed ΔΡ is (as eqs. 
(2.33.a) and (2.33.b)): 
(5 l.a) _b.= -a . (ΐ-ε·Ρ.)·ΔΡ+|ΐ ^ P_-AS 
dt Ь [ Ь [ PT-(l+u)J i J 
d Pt Г Í Pt 1 1 (5 l.b) 1 = +а· (l-c-Pt)-AP+l ·ΡΓ·Δ3 
dt z I * [ Ρ
τ
·(1+ω)J * J 
The relationship between the boundary values of Ρ and S is (from eqs. 
(2.21.a) and (2.21.b) with xt=0 and Ct=Cb=C): 
(5 2.a) Pb = eíS^+Y-CC+X^ 
(5 2.b) Pt = e(SL)-T.C 
The comDined parameters are (from eqs. (2.34.a) and (2.34.b)): 
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(5 3.a) 
(5.3.b) 
(5.4) 
ART Τ ART У
ц 
v b L - ( 1 + V Vb W 
ART Τ ART Ь W 
Vt L-(1+Xb) Vt W 
(as eq. (2.35)). 
I-·»., 
Ρ
τ
·(1-Ηϋ) 
(as eq. (2.22)): 
(5.5) 4 = PQ-P^+Pp-AS 
The thickness fraction X is omitted because there was only one supporting 
membrane at x=0 (bottom side of the layer) ζ. and ζ are replaced by one 
uniform ζ because it is not possible to calculate them separately from the 
experiments. This was explained in §2.6.5. 
Eqs. (5.1.a) and (5.1 b) contain six parameters- a , a, , c, Pp, S- and S. 
which together determine the shape of all the regression lines in fig 5.1. 
Their function is summarized as follows: 
1) a and a. determine the slope of the plain diffusion lines and contain, 
with 7, the diffusion coefficient of O2 
2) с is the correction which accounts for layer bulging and contains the 
overall permeability ratio ·5„. The correction on P^-AS can be derived 
from с as explained In §2.5. The stiffness parameter ω was determined sep­
arately as described in §3.5 
3) P_ determines the maximal contribution of facilitation to the total 
flux, i.e. the vertical distance between the solid and dashed line in fig. 
5.1A. Pp contains the diffusion coefficients of both O2 and hemoglobin. 
4) SQ-S| (=AS) determines the degree of maximal facilitation reached The 
decrease of facilitation at increasing ΔΡ, shown in fig 5 IB, is caused 
by chemical nonequilibnum, which brings about a decrease in AS 
The five parameters were determined separately. The general procedure for 
this is shown in fig. 5 2. From measurements of plain diffusion, which were 
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Figure 5 2 Scheme of the evaluation of the diffusion experiments. All 
experiments included measurements of plain diffusion, 
which yielded at, «j, and c. These parameters were subsequently used 
to evaluate the measurements of facilitated diffusion. Measurements in 
thick layers yielded Pj. which was used to evaluate the measurements in 
thin layers. · measured value, o: derived from ·, or from the ODC 
(AS) or from equilibrium (ζ = 0). 
part of each experiment, a t l a, and с were determined and used for further 
calculations of facilitated diffusion. P- was determined from a series of 
experiments with thick layers and various hemoglobin concentrations. The 
results were used to predict P_ for the thin layer experiments; a , a. , c, 
Ρ-, and US with ζ were further worked out to yield D
n
 , 0, D„, and к and k' . 
In the next sections, the calculation of the five parameters and their eval­
uation is explained more fully and the results of the measurements of plain 
and facilitated diffusion are given and discussed. 
5.2 Plain diffusion 
5.2.1 Evaluation of the measurements 
Plain diffusion is described by eqs. (5.1.a) and (S.l.b), putting AS = 0. 
a , a, and с were fitted to the measurements. The starting point for the 
fitting procedure is the linear dependence which must exist between dP/dt 
and (І-с-Р)-ДР. The criterion for the best fit was the sum of the squared 
residuals -{dP/dt(calc)-dP/dt(exp)}2- which must attain a minimal value. 
Standard deviations of a., a and с and the correlation between them were 
also calculated. This calculation is described more fully by Hoofd (1986). 
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measurements on 
membranes 
Ρ = Ρ 
W b 
(5.6) 
(5.8) 
measurements on 
solution+membrane 
2.20&2.23.a 
*r (• W/P
w
 - b/Pb 
2.23.a 
•9W ^ 1 ^ J (= 1/»
и
 + Xb/-Sw + XbZ-Sb)"1 
Figure 5.3 Scheme of the calculation of ? and -i from measurements of 
plain diffusion through membranes alone and through hemo­
globin solutions supported by the membranes. 
The overall permeability ?„ was calculated using the following combination 
of eqs. (5.3.a) and (5.3.b): 
1 vT-w 
•"W ART l/at+l/ab 
From с the overall permeability ratio Л, was calculated with eq. (5.4) after 
determining the membrane stiffness ω (§3.5). 
Measurements of plain diffusion were done both on the bare membrane and on 
hemoglobin solutions to obtain ? and Φ of the solution itself. The calcula­
tions are summarized in fig. 5.3. D
n
 was calculated from ? and a. The 
standard deviation (SD) of ?
u
 was calculated from those of a and a, as fol­
lows. Eq. (5.6) is equivalent to: 
ART 1 
(5.7) -=- = ?W VW, a 
with: 
1 1 1 
a
 -
 a,, a. t b 
From eqs. (5.7) and (5.8) the relationship between the SD's of ?„ and those 
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of a becomes: 
(5 9) 
SD ?
w
 SD l/?
w
 SD a SD 1/a 
\ l/'
w
 a 1/a 
From the above equations the relationship between the SD of ?„ and the SD1 s 
of a., and a, is derived. t о 
SD(J>
w
)i 
( 5 · 1 0 ) "TS 
w J 
(SD l/at)
2
+(SD l/ab)
2
+2r
c
-(SD l/at)-(SD l/ab) 
r is the correlation coefficient between a. and a. Because the SD of ?, 
с t b b 
(in the membrane) is very small in comparison to the SD of ?.. the latter was 
taken to be representative for the SD in Τ and also for D D m the hemoglo­
bin solution. 
5.2.2 Membrane properties. 
In the first experiments, Teflon membranes were used, later only Celgard 
2000. The membrane properties are summarized in table 5.1. With Celgard, T, 
and ύ, could not be measured because equilibration of the P« between the 
gas chambers was almost instantaneous upon closure of the valves Thus it 
was concluded that Celgard does not present a significant diffusion resis­
tance to the O2 flux and that X. = 0. The diffusion resistance of Teflon 
cannot be neglected because 7, is ca. 2.4x smaller than 7 in the solution. 
There was a large variation in 7. between the various membrane preparations 
but for one particular membrane this variation was much smaller. Within one 
experiment, comprising 4-6 measurements, the SD was ± 1%; repeated measure­
ments on the same membrane were reproducible with an accuracy of 1.5%. 
There was no difference between 6.4 and 3.2 pm membranes. Hoofd et al. 
(1986) too found a large variation in 7 between the membranes and attributed 
this to a variability in the membrane thickness. Because it is the ratio 
b/i. which is actually measured and used in the evaluation of the other dif­
fusion experiments (via x. ), the real value of 7, itself is not important m 
the evaluation of the other experiments. 
The stiffness factor ы of Celgard is larger than that of Teflon because the 
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Table 5.1 Membrane properties 
Celgard 
Teflon 
*b 
-
0.318-0.377 0.37-0.43 
b 2 ) aperture3' 
25 3.04 
6.4 8.20 
3.2 5.22 
3.2 3.04 
u 
24-27 
0.28-0.31 
0.52 
1.43 
literature 
'b * 
-
О-З?!" 0. 
0.3775' 0. 
"in 10" l l mol-nT'-kPa-1 -sec-1. 2 > thickness of membranes in vm. 
3>diameter of round aperture in mm. "from Hoofd et al. (1986); recal­
culated for 20 CC according to Pasternak (1970). "Pasternak et al. 
(1970; 20eC). 
former is stronger and could be glued with much larger tension. Diffusion 
experiments with Celgard were only slightly influenced by layer bulging. 
The permeability ratio of Teflon (d, ) was larger than the values obtained by 
Hoofd et al. (1986) and Pasternak et al. (1970). As suggested by Hoofd et 
al. (1986) an increase of the permeability ratio might be connected with 
structural damage caused by applying stress to the fragile membrane which, 
however, is of no concern here. 
5.2.3 Plain diffusion in hemoglobin solutions and D-
Plain O2 diffusion through hemoglobin solutions was measured by applying 
back pressure. Then AS = 0 . ? and 0 (in the solution) were calculated as 
described in §5.2.1. D- was calculated from Τ and o. A possible change in 
the thickness L of the liquid layer and consequently in [Hb]_ was accounted 
for in the calculations as described in §3.2. Fig. 5.4 shows the results of 
experiments with bovine hemoglobin at various concentrations in a thick 
layer. There was no difference between solutions with or without KCl or sup­
ported by Teflon or Celgard membrane. Also in the solution of human (Δ) and 
of modified human hemoglobin (o) similar D- 's were found. For comparison 
with literature data a temperature coefficient of 2.8 %- cC" 1 was used (Mill-
ington, 1955). There is good agreement between the present values and those 
of Stroeve (1973; +) and Spaan et al. (1980b; к). Also the present regres­
sion line (see below) coincides with the curve obtained by Kreuzer (1970) on 
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Figure 5.4 Diffusion coefficients of O2 obtained from measurements in 
thick layers (95-105 ymj. Ordinate: D02. Abscissa: Hb con­
centration. 
• -bovine Hb, 50 mM Tns-Mops buffer, further salt free. 
o-bovine Hb, 50 mM Tns-Mops buffer + 100 mM KCl. 
¿-human Hb, 80 mM Tris-Mops + 80 mM KCl + 20 mM DPG (one experiment). 
G-modified human Hb (HbNFPLP) , 50 mM Tns-HCl. 
+- values from Stroeve (1973). x-values from Spaan et al. (1980b). 
Bars through the symbols indicate standard deviation of 4-7 measure-
ments. The calculation of the regression line is explained in the 
text. HbNFPLP (2-nor-2-formylpyridoxal-5-phosphate hemoglobin) was a 
gift from Dr. H. van der Plas (Neth. Red Cross Blood Transfusion Ser-
vice, Amsterdam; see: van der Plas et al., (1986). 
(5.11) 
account of literature data and with the curve of Goldstick and Fatt (1970). 
This regression line was obtained by fitting the following empirical equa-
tion the the present data: 
[НЬЫ -[НЬ)
Т
/С2 
^ і
1
-— 
10 
This equation was also used later on for D„, (see next section). DQ is the 
diffusion coefficient in case of [HbJ -»0. C^ and C2 are characteristic hemo­
globin concentrations. According to Goldstick and Fatt (1970) Do = 
2.07xl0"scm2-sec-1 for O2 at 25 0C. This value was also adopted by Kreuzer 
(1970). At 20 0C DQ becomes 1.80xl0"5cm2•sec" l. Ci and C2 were obtained by 
fitting until the sum of the squared residuals was minimal. This gave C^ = 
100 and C2 = 119 g·100ml"1. The full equation is written in fig. 5.4. 
Experiments on thin layers of hemoglobin solution also comprised measure­
ments of plain diffusion (see fig. 5.2). Fig 5.5 shows the values of 0„ 
U2 
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® 20 o C 
D0 2 ( c m 2 ^ - 1 ) 
[Hb]T (g.lOOml- 1) 
[Hb]T (q.lOOml"1) 
22 26 30 34 
Figure 5.5 Diffusion coefficients of O2 obtained from measurements in 
thin layers (28-35 pm). Curves are from fig 5.4. 
A-bovme hemoglobin. o:50 mM Tris-Mops; α ,Δ:50 mM Tris-Mops+100 mM KCl 
(two senes) 
B-human hemoglobin, о 200 mM Glycerol, deionized solution, a·100 mM 
Tris-Mops+100 mM KCl D 100 mM Tris-Mops+100 mM KC1+20 mM DPG Δ 150 
mM Tris-Mops+83 mM KCl+26 mM DPG · 86 mM Tris-Mops+86 mM KCl+20 mM 
DPG 
obtained from these thin layer experiments with bovine (A) and human (B) 
hemoglobin, also the regression line from fig. 5.4 is drawn. The measure­
ments lie all around this line but the deviations are larger than with the 
thick layer measurements There was no correlation between ionic composition 
or change in layer thickness on one hand and the difference between D„ and 
the mean curve on the other hand The high D 0 in a number of measurements 
(o) in fig. 5 SB was caused by leakage between the thin metal ring bearing 
the diffusion layer and its thicker supporting ring. This was found only 
afterwards. Despite this leak the linear relationship between ΔΡ and dP/dt 
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(cf. fig. 5.1) with plain diffusion was not affected and the experiments 
were not discarded. Similar small leakages along the narrow (±30 ym) con­
tact rim between solution and supporting ring may have caused D- to be too 
high in other cases. A relatively low D-, (e.g. · in fig. 5.SB) may have 
been caused by an unnoticed decrease of the permeability of the supporting 
membrane. 
The permeability ratio i was calculated only from measurements with Teflon 
membranes which have a small u and bulge enough to obtain с (eq. (5.4)) with 
sufficient accuracy. As shown in fig. 5.6, δ decreases with increasing 
[Hb]-. The solid line was calculated as follows. When [№]_ = 0, 0 = 0.48 
at 250C according to Hoofd et al. (1986). The same value was adopted here 
for 20eC. Assuming that the ratio D., /D- is independent of [№]_, 0 only 
depends on a.. /aQ . a- was given in §3.7. Like o Q , o N increases with 
[Hb]-. According to Longmuir and Roughton (1952) а„ = ooN ·(l+0.0013[Hb]T). 
(cf eq. (3.3). From the Φ above at [Hb]_ = 0 and the ratio of the solubili­
ties the line in fig. 5.6 was calculated. There is a slight decrease of ύ 
with increasing [Hb]. However, the large difference between measurements and 
calculation at [Hb]_, = 22 g-100 ml"1 could not be explained. 
Most experiments were done with Celgard membrane as support. Then the influ­
ence of layer bulging is negligible because ω (table 5.1) and thus the term 
Ρ_·(1+ω) in eq. (5.4) are large. In that case the value of 0 has not to be 
known accurately since с is small anyhow. 
1.0 h 
0.6 
0.2 μ 
о 
о 
о 
% 
2 0 0C 
о 
-а, 
[Hbly (g-100 ml"1) 
ι 1 Ι ­
ΣΟ 30 40 
Figure 5.6 Permeability ratio -ì (= ínj/ío?) in the hemoglobin solu-
tion as a function of [Hb]^. Line: see text. 
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5.3 Facilitated diffusion m thick layers 
5.3.1 Evaluation of the measurements 
The measurements were worked out with the fitting program shown in fig. 5.7. 
a and a, were obtained from the measurements of plain diffusion m the same 
experiment (see previous section and fig. 5.4). For -Эц an approximate value 
was calculated from eq 2 26, inserting the mean value of •& at the pertain­
ing [Hb]T (fig 5 6), of 3. (table 5.1) and of x, (fig. 5.3) Chemical equi­
librium and thus ζ=0 were assumed. This was verified by the fact that the 
measurements lie on lines parallel to the plain diffusion lines (cf. fig. 
5.1A). The central part of the calculation is step 3 where the boundary val­
ues of S are calculated. With these, eqs. (5.1.a) and (5.1.b) yield 
dP/dt(cal) in step 4. To fit P^ , the method of successive bipartition (steps 
6 and 8) was applied and the derivative 3(ZG2)/3P_ was used to determine 
whether P F had to be increased or decreased m step 7. 3(ÎG2)/3Pp is equal 
to the summatio'i of 3G2/äP„. This second-order derivative is, according to 
eqs. (5.1.a) and (S.l.b), worked out as follows: 
3G1 3G f Pi 
(5.12) = 2G =±2G-a.-U 
3PF 3PF 1 Ι Ρ
τ
·(1+ω) 
•LS 
The ± sign and the indexes i account for the top or bottom chamber. This 
equation only holds if AS is not dependent on P-. According to eqs. (5.2.a) 
and (5.2.b) this is the case if χ,=ζ=0. Then the boundary values of e(S) and 
thus of S are only dependent on those of P. Otherwise e(SQ) and e(S T), which 
determine S. and S., are dependent on Τ and thus on P- (eq. (5.5)). In that 
case also AS in eq. (5.12) has to be differentiated to Pp. This leads to the 
following correction factor which must be multiplied by the last term of eq. 
(5.12): 
PF 
(5.13) 1+ 
1+X, 
ds 0 dSLi 
ζ — - K C + x J - — 
dP D dP b 
In this term dSg/dP and dS./dP are calculated for P=e(S0) and Р=е(5.) 
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1- Input data 
ννΛί 
Ρ
τ
·(1+ω) 
P50' V 
x t,x b 
ς (-ct-ch) 
dPb/dt,dPt /dt •V Pc 
' 
(describing plain diffusion) 
(describing the ODC) 
(membrane resistance) 
(.non-equilibrium resistance) 
(measurements of fac. diffusion) 
2- Choose: P,, = 30 kPa 
F 
SP,. = 15 kPa 
F 
3- For each measurement : 
calculate Ψ,S ,S by 
iteration according to 
fig. 2.4, steps 2 - 8 
4- Calculate 
dPb/dt(ca 
ace. to: 
1 
for each 
l),dP
c
/dt 
eqs. 5.1 
Pb'Pt 
(cal) 
a.S.l 
: 
b 
5- Calculate for each measurement: 
G 2 = {dP/dt(cal)-dP/dt(exp)}2 
3G2/3PT, (see eq.5.12) 
г 
Calculate summation: 
ZG2,E(3G2/3P_) 
8-PF = PF(new) 
6P
r
 - l6PF(old) 
7- E(3G2/3P_)< or > 0 then 
Г 
PF(new)-PF(old)+or-5PF 
Л 
no 
yes 
Ready. Output: 
Ρ , mean G 2 
£ 
Figure 5.7 Calculation program to determine Py from measurements of 
facilitated diffusion. Explanation in text. 
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respectively using eq. (4.4). 
At the end of the iteration a value of P- was obtained from which Dw, was 
calculated as follows: 
1) [Hb]_ was corrected for the change in layer thickness as described in 
§3.1. 
2) P_ was corrected for the percentage Methemoglobin in the solution to 
obtain its value in case of 100% functional hemoglobin. 
3) From [Hb]T, Cj^ (= 4x[Hb]T) and D 0 (fig. 5.4) were calculated. Eqs. 
(2.9.a) and (2.9.b) then gave Dj... 
4) All values of D,- obtained at various [Hb]_ were also fitted to eq. 
(5.11). 
Two values of D- were used in the above elaborations: for the fitting pro­
gram (fig. 5.7) to obtain P_ the value of the experiment itself was used via 
a and a, but for the calculation of D„, the D 0 from the equation in fig. 
5.4 was used. The reason for this is that plain diffusion could be disturbed 
by systematic errors (see §5.2.3) which are carried over to the measurements 
of facilitated diffusion, for these are the sum of plain and Hb-mediated 
diffusion. 
For each experiment an estimate of the accuracy of the fitted P- was made. 
For this the variance in the measurements dP/dt, G according to fig. 5.7, 
was used. Thus, using eq. (5.12) and neglecting the correction of eq. 
(5.13), the following relationship is derived: 
fdP 
(5.14) SD 
dt 
3G 
SD(P ) = a· 
3 PF 
Pi 
lT (1+u) 
AS-SD(PF) 
where the overbar indicates the mean value (the square root of the mean 
squared values); for G, this is the output value as indicated in fig. 5.7. 
For the other term an estimate could be made since both terms 
[1-Ρΐ/Ρ
τ
·(1+ω)] and AS mostly are close to unity. Then, SD(PF) follows from 
eq. (5.14) and this is the value indicated in figs. 5.9 and 5.10. 
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5.3.2 Experimental results and Discussion 
Fig 5.8 represents three experiments done with different hemoglobin concen­
trations. Measurements of both facilitated and plain diffusion and the cal­
culated values of P_ are shown. The experimental condition are listed in 
the legend of the figure. In all experimpnts the change m L was less than 
10 %. Maximal facilitation was reached if ΔΡ (= P., cf. §2.6) exceeded ca. 
8 kPa, because then AS (= S.) approaches unity. This is verified by calcula­
tion of S
n
 from eq. 4.3: with P50 = 1-74 kPa, ν = 0.49 and Ρ = 8 kPa, S
n 
, B ^ /4 .—.pp=l8.A kPa 
-Э-' ^-Pp^S.O kPo 
P F = 1t.S kPa 
Figure 5.8 Measurements of facilitated and plain diffusion through 
thick layers of bovine hemoglobin solution. Solid lines: 
fitted to measurements of facilitated diffusion (A,B,C). Dashed 
lines: fitted to measurements of plain diffusion (a.b.c). Ordinate: 
measured pressure change Abscissa: pressure difference across the 
layer. Concerning plain diffusion only the measurements with positive 
ΔΡ are shown (cf. fig. 5.1). Hemoglobin solution: P50 = 1740 Pa; ν = 
0.49 50 mM Tns-Mops + 100 mM KCl; pH 7.20 
A,a: [Hb]T = 11.0 g·100ml"
1
, L = 96 pm 
B.b: [Hb]- = 29.3 g-lOOml"1, L = 99 vm 
C,c: [Hb]T = 41.6 g-lOOml"
1
, L = 103 цт 
Crossed symbols were detected as outliers by the fitting program. 
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becomes 0.965. Pp was largest at intermediate [№]_. The latter is shown 
more clearly in fig 5.9 in which all data for Ρ_ are plotted against [Hb]-.. 
P_ reaches a maximal value around [Hb]T = 26 g·100ml"
1
. Below this concen­
tration Ρ- decreases because of the decreased carrying capacity (Cj, in eq. 
2.9.b) of the solution, above this concentration because of the decrease in 
"Hb" The curve in fig. 5.9 was calculated by combination of the equations 
for D 0 (fig- 5.4), Dj,, (fig. 5.10, see below) and α (eq. 3.3). The figure 
also shows that solutions of bovine hemoglobin without KCl (·) and solutions 
of modified human hemoglobin (G ; Hb-NFPLP) had a lower Pp. The reason for 
this is explained below. 
Fig. 5.10 shows the values of DH, calculated from Pp against [Hb]_. The 
equation in the figure is analogous to the equation for D- . Ό„. at [НЪ]_. •+ 
0 was obtained from the literature (see below) and was 7.00xl0~7 cm2-sec-1 
at 20oC. Like Pp, DH, was lower in salt free solutions (·) and in solutions 
Figure 5.9 Facilitation pressure Py plotted against total hemoglobin 
concentration [HbJx· 
•jbovine Hb, 50 mH Tris-Mops buffer, further salt free. 
o;bovine Hb, 50 mM Tris-Mops buffer+100 mM KCl. 
Δ¡human Hb, 80 mM Tris-Mops+80 mM КС 1+20 mM DPG. 
G.modified human Hb (HbNFPLP), 50 mM Tris-HCl. Bars indicate SD of 
4-7 measurements. Calculation of curve explained in text. 
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of Hb-NFPLP (о) In both cases this was probably due to electrical gradi­
ents in the diffusion layer. These were shown to occur if [KCl] is low (but 
not zero) and to reduce Pp (Breepoel et al., 1980, de Koning et al., 1980). 
To avoid these potentials the solutions were either salt free or with 100 mM 
KCl as described in §3 8. However, the experiments with salt free bovine 
hemoglobin shown here were preliminary and less attention was given to the 
leakage of KCl from the pH electrode during pH adjustments (see Chapter 3). 
The solutions of Hb-NFPLP contained CI" because they were prepared with 50 
mM Tris-HCl buffer, pH 7 40 The pK of Tris is 8 30 at 20oC From the Hen-
derson-Hasselbalch equation (pH = pK + log [base]/[acid]) it follows that at 
pH 7.40, [Cl~] is about 44 mM This is low enough to decrease P- as shown by 
de Koning et al. (1980) For this reason the "salt free" solutions and the 
solutions with Hb-NFPLP were excluded from the fitting procedure above. 
10" 
10 
10" 
Γΐ^.. 
2 0 o C 
ft, 
DHb ( о Л з - 1 
D = 7 . 0 0 x I O - 7 x ( l - I ^ T ) x l O - [ H b b / 1 2 8 b
c
 f 
Hb " ч ' 46 
[НЬ]
Т
 (д.100 ml"1) 
10 20 30 40 
Figure 5.10 Diffusion coefficient of hemoglobin (Dm,) plotted against 
total hemoglobin concentration ([Hb]τ). Symbols as in 
fig. 5 9 Bars indicate SD of 4-7 measurements. Literature data com­
piled by Kreuzer and Hoofd (1987). a. Keller and Friedlander (1966); 
b: Moll (1966); с Adams and Fatt (1967); d: Keller et al. (1971), e: 
Riveros-Moreno and Wittenberg (1972), f. Gross (1978), g· Spaan et al. 
(1980b). Equation and curve are explained in the text. 
85 
Fig 5.10 also contains the literature data as compiled by Kreuzer and Hoofd 
(1987). These were given for IS'C and recalculated to 20CC using a tempera­
ture coefficient of 2.3%-0C"1 (Keller et al , 1971). The figure shows that 
the present values for Вд, are higher than the data from the literature and 
that the difference increases at increasing [Hb]_. It is unlikely that this 
difference was caused by the properties of the hemoglobin solution itself. 
The ionic strength in the present solutions (see table 3.1) was 0.15 for 
solutions of bovine hemoglobin (with KCl) and 0 22 for the solution of human 
hemoglobin (indicated m fig. 5.10 with Δ) where it was assumed that DPG 
has charge -2 at this pH (Hobish and Powers, 1983). In the literature the 
ionic strength was 0.05 - 0.15. 
However, the present experimental set-up was different in two respects. 
First, in the literature the flux of labeled hemoglobin was measured (with 
the exception of the experiments by Spaan et al. 1980b) whereas here facili­
tated O2 diffusion was used to determine DH, . In this respect O2 can be 
regarded as a label reversibly bound to hemoglobin. The use of Oj entails 
the effects of nonequilibriura and of electrical gradients. Both were absent 
in the thick layer experiments (except possibly for salt free solutions and 
for Hb-NFPLP) but if they should go unnoticed they would have lowered the 
calculated DH, . Thus concerning the present method of facilitated diffusion 
the values for Dj- are minimum values. The contribution of rotational diffu­
sion to the measured O2 flux, which would increase the apparent transla-
tional D H b, is probably negligible (see §2 7) The second difference is 
that in the literature the diffusion layer consisted of soaked filter (with 
the exception of Spaan et al , 1980b, and Moll, 1966) whereas in the present 
set-up a homogeneous solution was used. The high hemoglobin mobility in the 
present experiments is unlikely to be due to convection or stirring in the 
diffusion layer because (a) also D 0 would have been higher than the litera­
ture values and (b) the difference between D„, and the literature values 
decreases with decreasing [Hb]T where convection or stirring should be more 
marked due to lower viscosity On the other hand, layer geometry is an 
uncertain factor with filters For this reason all authors calibrated their 
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Figure 5.11 Facilitated O2 diffusion through a 150 11m Millipore fil-
ter with 79 X porosity, (o, ): data from Wittenberg 
(1966) with L=150 ym and A=11.5 cm2. ( ): calculated with the help 
of the present data for Djfl, with L=l.57x150 ym and A=0.79x11.5 cm2. 
Further explanation in text. 
filters with species of known diffusivity (NaCl or KCl) and determined the 
porosity of the filters. Kreuzer and Hoofd (1972) estimated the length of 
the diffusion pathway assuming a random orientation of channels through the 
filter and found that the actual pathway might be up to 57 % longer than the 
thickness of the filter. Wittenberg (1966) presented measurements of facili-
tated O2 diffusion at various hemoglobin concentrations through a Millipore 
filter of 150 ym thickness, 79 % porosity and 11.5 cm2 surface area. To com-
pare with these measurements, the facilitated O2 diffusion was calculated 
using the present values of D„. (fig. 5.10) and of D» (fig. 5.4), a layer 
thickness of 1.57x150 ym and a surface area of 0 79x11 5 cm2. The results 
are shown in fig. 5.11. Note that the ordinate represents only the facili-
tated part of the total diffusion rate, i.e. after subtraction of plain dif-
fusion. At [Hb] > ca. 15 g· 100 ml-1 the calculated diffusion rates are 
somewhat larger than the rates measured by Wittenberg (1966). In accordance 
with fig. 5 10 this implies that the present data for D„. are higher than 
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those found in experiments using filter material, also after correcting for 
porosity and tortuosity (cf. legend of fig. 5.11). A possible reason is that 
the mobility of hemoglobin in filters is reduced by interaction with the 
large surface of filter material. Although Millipore filter is readily 
soaked with solution it is almost impossible to force the solution through 
(own observation). Adams and Fatt (1967) had to flush their sintered glass 
filters with CO2 to force the hemoglobin solution, which replaced the COj by 
dissolving it, into the filter. Fig. 5.10 shows that their values for D„. 
were very low. The adsorption of hemoglobin onto glass and other materials 
was confirmed by Chen et al. (1984). Moll (1966) measured D«. both in a 
pile of Millipore filters and in a pile of uniform layers (Cohen and de 
Bruin chamber). The latter method gave 10-30 % higher values for D H h and 
Moll concluded that filters are probably not suited for these measurements. 
Only Spaan et al. (1980a,b) used a set-up comparable to the present one. 
These authors followed photometrically the oxygenation of a homogeneous 
layer hemoglobin solution upon a sudden increase of the P- at the surface 
of the layer. As shown in fig. 5.10 the data from Spaan et al. are highest 
among the literature data. 
From the above it follows that the mobility of Hb is probably decreased when 
filters are used to hold the diffusion layer. Moreover, concerning facili-
tated O2 diffusion the present data for DH, are most pertinent since they 
were obtained from facilitated O2 transport itself. 
5.4 Facilitated diffusion in thin layers 
5.4.1 Evaluation of the measurements 
The experiments were evaluated according to the scheme in fig. 5.12 which is 
almost identical to the scheme in fig. 5.7. As with the thick layer experi-
ments, a and a. were measured within the same experiment. The results of 
these measurements were shown in figs. 5.5A and 5.5B. Because the relative 
change in L (and thus in [Hb]-,) in these thin layer experiments is larger 
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1- Input data 
4і 
Ρ
τ
·(1+ω) 
P50' v 
x t.x b 
PF 
dPb/dt.dPt 
2- Choose: 
: 
/dt 
ζ(= 
«ς 
Рь 
'h 
-
.Pt 
1 
= c
t 
(describing plain diffusion) 
(describing the ODC) 
(membrane resistance) 
(facilitation pressure) 
(measurements of facdiffusion 
)= 0.250 
0.125 
3- For each measurement: 
calculate Y.SQ.S by 
iteration according to 
fig. 2.4, steps 2-8 
8- ς - ζ(new) 
«ζ - Hç(old) 
4- Calculate for each P, ,P : 
о t 
dP,/dt(cal) .dP /dt(cal) 
D t 
according to eqs. 5.1.a, 5.1.b 
; 
7- r(3G2/3C < or>0, then 
;(new)=c(old)+ or- δ ς 
5- Calculate for each measurement: 
G 2 = {dP/dt(cal)-dP/dt(exp)}2 
3G2/3; (see eq. 5.15.a) 
calculate summation: 
EG2,r(3G2/dc) 
Ready. Output: 
for each 
measurement: ζ, S , S 
mean G 2 
Figure 5 12 Calculation program to determine ζ and SL from measure­
ments of nonequilibrium facilitated diffusion Explanation 
in text. 
than m the thick layer experiments a correction was necessary for a , a. 
and Ρ- before using these parameters in the calculation. The correction was 
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made as follows: 
1) The mean L and mean [Hb]- were calculated for the two separate groups 
of measurements of facilitated and plain diffusion in each experiment (see 
§3.2). 
2) From a and a, , as obtained from the measurements of plain diffusion, 7 
was calculated. 
3) The change in [Hb]_ gave the relative change in D- (fig. 5.4) and in α 
(eq. (3.3)) and from this in ? = D- ·α. 
4) Since a and a, are dependent on the ratio ^/L (eqs. (5.3.a) and 
(5.3.b)), these parameters were corrected proportional to the change in 
this ratio. If the change m L was less than 20% this correction was neg­
lected because a change in L is largely compensated for by the accompany­
ing change in 7. For instance, if L decreases, the hemoglobin concentra­
tion increases which in turn leads to a decrease in f. 
5) To calculate P,, (eq (2.9.b)) D„, was obtained from the equation in 
fig. 5.10, but for Τ the experimental value as obtained in step 4 was 
used. The reason for this was explained in §5.3.1. 
In experiments done with plain hemoglobin solutions which have a high O2 
affinity (see table 4 2), the top chamber remained flushed with N2 during 
the measurements to prevent back pressure. In these cases only dP,/dt was 
recorded. In addition Ρ was corrected for the effect of incomplete flushing 
(see §3.6.1) before insertion into the calculation program. 
As explained in §2 6 5., it is not possible to obtain both λ. and λ- from 
the measurements but one uniform λ (and thus ζ) may be used instead (step 2 
in fig. 5.12). 3G2/3Ç in step 5 is, analogous to eq. (5.12), given by: 
(5.15 a) 
3G2 
ЭС 
with: 
3G 
2G = ±2G-a.· 
Ρ
τ
·(1+ω) 
3(Ρ
Γ
·Δ3) 
3ζ 
(5.15.Ь) 
3(PF-AS) 
3ζ 
rds0 dSLl 
+ >·ΐ/ 
dP dP 
1+VPF 
dS„ dST 
ς +(ζ+Χ
κ
) 
dP D dP 
S
n
 remained close to unity (high pressure side), ζ and the corrected value 
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Figure 5.13 Calculation of к and k' from the output of the calcula­
tion shown in fig. 5.12 The numbers above the arrows are 
the respective equations. 
of L gave the nonequilibrium depth λ (eq. (2.23.b)). From λ and S^, к and k' 
were calculated in two ways as follows. 
a) Both rate parameters were calculated for each separate measurement of 
facilitated O2 diffusion according to the scheme in fig. 5.13. Note that 
the D« used here is obtained from the equation in fig. 5.4 and not from the 
Hb respective experiment itself. This is analogous to the calculation of D 
from P F (§5.3.1). 
b) As shown in the model calculation in §2.5.6 (fig. 2.8) the change of λ 
along with S is dependent on whether к or k' is constant. The experimen­
tally obtained values for λ are compatible with a constant к as they are 
positioned on a curve like curve II in fig. 2.8 (see next section). Thus a 
mean к could be calculated for each group of experiments by fitting this 
curve to the experimental X's. The criterion for the best value of к was 
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(5.16) 
again the sum of squared residuals {Σ(λ -λ ,)2} which must attain a min-
exp cal' J 
imal value. The equation for λ . is obtained from combination of eqs. 
(2.15), (2.9.b), (2 11.a) and (2.16) which gives: 
cal 
"Hb e(S) 
(de(S)/dS+PF)-S к 
І 
Instead of trying various values of к until the sum of squared residuals is 
minimal (i e. by iteration) the best value of к could be calculated at once 
(5.17.a) 
as follows. The requirement of the above minimal sum is equivalent to: 
0 
dI(X -λ . ) 2 
exp cal' 
dk 
(5.17.b) 
ld(\ ) 2 2Id(X -λ ,) Id(X . ) 2 
exp' exp cal' v cal' 
= 0 
dk dk dk 
(5.18) 
(5.19) 
As λ is obtained independent of k, eq. (5.17.b) reduces to' 
21 
d\ 
cal ^ Хса1> а 
exp dk dk 
The derivative in eq. (5.18) is worked out by choosing an initial k, which 
also yields an initial λ . According to eq. (5.16) the following holds: 
* 1 
cal 
λ -Лк /к) in in ' 
(5 20) 
Taking the derivative of eq. (5.19) to к and inserting the result into eq. 
(5.18) leads finally to: 
Г Σ(λ ) 2 in' 
Σ(λ ·λ ) [ i n exp . 
The calculation of к for one particular group of experiments was started by 
choosing some к Then at each λ 
a
 in exp 
and the value of S which accompanies this λ 
λ was calculated using eq. (5.16) 
exp 
(see output fig 5.12). e(S) 
and de(S)/dS in eq. (5.16) were calculated using eqs. (4.3) and (4 4). P., 
was already calculated (see previous section) and D„ h was obtained from Pp. 
Summation of all λ 's and λ 's according to eq. (5.20) then yielded the 
best value of k. With eq (5.16) λ could be calculated for each S. 
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To apply the above method of least squares, the distribution of λ must be 
normal. The skewness of the distribution of λ was calculated at satura-
exp 
tion intervals of 10% and did not exceed 0.7. This positive skewness is 
expected as \ cannot become negative. However, the distribution of 
log(X ) was not better with respect to normality, as its skewness exceeded 
-1 (negative skewness). Therefore λ was used without modification in the 
β
 exp 
fitting procedure above 
No calculation of the SD in к and k' was tried However, measurements done 
under comparable conditions gave an indication for the accuracy with which 
these parameters were obtained (see next section). 
5 4.2 Experimental results and Discussion 
Fig. 5.14 rppre>ents two experiments done with human hemoglobin solution 
with KCl (A) and with KCl+DPG (B). The experimental conditions are listed in 
the legend of the figure. It is seen that the effect of nonequilibnum, i.e. 
the relapse of the solid regression line towards the dashed line at increas­
ing ΔΡ, is larger in the experiment without DFG. This is caused by the rela­
tively high affinity of hemoglobin for O2 in absence of DPG which prevents 
unloading of O2 at the low P-. side. The effect of nonequilibnum was even 
larger in plain hemoglobin solutions which have a very high O2 affinity (see 
table 4.2) 
From the flux measurements λ and the accompanying S were calculated as 
described in the previous section. The results are shown in figs. 5.15A 
(bovine hemoglobin) and 5.15B (human hemoglobin). The experimental condi­
tions and the meaning of the symbols are listed in the legend of the figure. 
The following general remarks are made with respect to the data in fig. 
5.15: 
1) The saturation range in which λ was measured was different between 
solutions with high O2 affinity (plain solutions and human hemoglobin with 
KCl, S = 0.3-1.0) and solutions with low O2 affinity (bovine hemoglobin + 
KCl and human hemoglobin + KCl + DPG, S = 0-0 6). The reason for this is 
the relatively steeper increase of S, at increasing ΔΡ in the high affin-
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Figure 5.14 Example of diffusion measurements through thin layers of 
human hemoglobin solution. Abscissa- O2 partial pressure 
difference across the layer. Ordinate: measured O2 pressure change. 
Solid lines: fitted to the measurements (o) of facilitated diffusion. 
Dashed lines: regression lines for plain diffusion (measurements not 
shown). 
Panel A: [Hb]T=20.3 g-100 ml"
1
, lOOmM Tris-Mops + lOOmM KCl, P5o=0.419 
kPa, L=30 μιη 
Panel B: [Hb]T=24.9 g-100 ml"
1
, lOOmM Tris-Mops +100mM KC1+20 mM DPG, 
PS0=1.17 kPa, L=31.5 yra. 
ity solutions (see above). Thus the X's in these solutions are measured at 
relatively higher S-'s. 
2) The data for human hemoglobin vary less than those for bovine hemoglo­
bin and also contain relatively few class II experiments (with 
|AL|=20-30%). This reflects the improvement in preventing evaporation and 
condensation of the liquid diffusion layers in the course of this study as 
measurements on bovine hemoglobin preceded those on human hemoglobin. The 
experiments on plain bovine and human hemoglobin and on human hemoglobin 
with only KCl added all belonged to class I. The variation in the earlier 
experiments on plain bovine hemoglobin (Δ in fig. 5.ISA) was probably 
caused by contamination of the solution with KCl from the pH electrode 
which was used during preparation of the solutions. As explained in §3.8 
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Figure 5.15 Results of measurements of nonequilibrium facilitated O2 
diffusion. Abscissa: fractional saturation of hemoglobin 
at the low pressure side (SL). Ordinate: nonequilibrium depth λ in μπι. 
Symbols: measurements (duplicate measurements are connected to each 
other). Lines: fitted as described in previous section assuming that к 
is constant. 
Panel A: Bovine hemoglobin. Plain solution, ей "lier experiments: Δ. 
Plain solution, last experiment (see text): i, — 2 — , к = 5.6 sec " l. 
Solution+KCl: «(class I), o(class II), — 3 — , к = 10.9 sec-1. 
Panel B· Human hemoglobin. Plain solution: Δ, — 1 — , к = 9.8 sec-1. 
Solution+KCl: α , — 2 — , к = 9.0 sec"1 bolution-»KCl tDPG: «(class I), 
o(class II), — 3 — , к = 10.1 sec-1. The numbers at the regression 
lines refer to the solution properties described in table 4.2. 
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facilitation will be decreased at low (but not zero) [KCl] due to 
electrical potentials in the layer. However, the P- used here was based 
on measurements on solutions with high [KCl] where the mobility of hemo­
globin is not restricted (see §5.3.2). Thus a decrease in hemoglobin 
mobility due to the aforementioned electrical potentials will result in an 
overestimation of the effect of nonequilibnum and thus of λ. In the last 
of these experiments (Á in fig. 5.15A) KCl contamination was prevented and 
the values for λ are much lower m this case. Only this last experiment 
Was evaluated further, the others were discarded. 
The variation in the data on human hemoglobin + KCl (α) at high saturation 
could not be explained. The layer stability in these experiments was very 
good as I varied less than 5% in these experiments. 
3) Comparison of fig. 5.15 with fig. 2.8 shows that curve II in the latter 
figure best fits the measured X's. This implies that к is constant and 
that k' increases with increasing S So regression lines were calculated 
with к = constant as described in the previous section and are drawn m 
fig. 5.15. The accompanying values of к are given in the legend of the 
figure. Only class I experiments were used in the fitting procedure; by 
inclusion of class II experiments the fitted к increased by ca. 6%. For 
plain bovine hemoglobin solutions only the last experiment (A) was used 
(see above). 
Fig 5.15 shows that at least for human hemoglobin the curves fitted with 
constant к reasonably agree with the data points. However, to verify if к 
is constant at varying S for each hemoglobin solution, к was calculated 
directly from each measurement according to the scheme in fig. 5.13. The 
results of this calculation are shown m fig. 5.16. For bovine hemoglobin + 
KCl and for human hemoglobin + KCl + DPG the mean к per 10% saturation 
interval was calculated. These means were calculated from l/Zk as this meas­
ure is normally distributed (like λ) whereas the distribution of к is posi­
tively skewed. Therefore the SD's for mean к are asymmetric in figure 5.16. 
Two means for к were calculated, for class I experiments only (·) and for 
classes I+II together (o). Two statistical tests were done on the data for 
bovine hemoglobin + KCl and human hemoglobin + KCl + DPG. Both tests were 
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Figure 5 16 Dissociation rate parameter к ¿η dependence of S. Symbols 
as m fig 5.15. For bovine hemoglobin + KCl and human 
hemoglobin + KCl + DPG mean values of к were calculated per 10% satu­
ration interval. ·, o: class I and I+II respectively. Bars: SD of 
mean к Lines with numbers course of к in a limited range of S. Fur­
ther explanation in text Literature data in small type. a. Dalziel & 
& Gibson, 1971. d: Bauer et al., 1973. e: 
f· Sirs, 1966. g: Olson et al, 1971. h: Cor-
Gibson St Roughton, 1955. j: Salhany et al., 
1972. fA and fB: sheep type A and type В hemoglobin, go and gß: α and 
В subunits m tetrameric hemoglobin. An accent indicates the presence 
of DPG. 
O'Brien, 1961. с Gray 
Hayashi & Takagi, 1981. 
done fit Cupane, 1981. i: 
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done using 1/^ k (see above). 
1) With Student's t test it was tested whether the ireanj o* class I expei-
iments (·) and class II experiments (· minus o, not shown separately) pei 
10% saturation interval differed significantly. This was only the cace 
with bovine hemoglobin at the intervals S = 0-0 1 and S = 0 3-0 4 (ρ < 
0.05, one-tailed test). 
2) With one-way analysis of variance it was tested whether the means of 
class I experiments at various ranges in S belonged to the same popula 
tion. This was the case at S = 0 1-0.5 for bovine hemoglobin and at S -
0 2-0.6 for human hemoglobin. Beyond these intervals all means differed 
significantly from the overall mean within these intervals (p < 0.05). 
For the saturation intervals S = 0 1-0.5 (bovine hemoglobin + KCl) and S = 
0 2-0.6 (human hemoglobin + KCl + DPG) overall mean k's were calculated 
again using l/Zk This yielded for bovine hemoglobin, к = 9 6 sec-1 ± 1.0 
(SEM)1' at S = 0 1-0 5 and for human hemoglobin: к = 12 4 sec"1 ± 1.3 
(SEM)l> at S = 0.2-0.6. These means are indicated in fig 5.16 with solid 
lines (—3—). The lines for plain bovine hemoglobin (—2—), for plain 
human hemoglobin (—1—) and for human hemoglobin + KCl (—2—) were drawn 
by hand. Here, a number of data were disregarded; this is explained at the 
end of this section. The above mean values for к differ from those obtained 
earlier by fitting λ because they were calculated for a limited range of S. 
The values of к which were achieved via λ will not be considered in the dis­
cussion. 
The association rate parameters k' were calculated from к according to the 
scheme in fig. 5.13. The results are shown in fig. 5.17 The solid curves in 
this figure are derived from the solid lines in fig. 5 16. To accomodate the 
large variation in k' a logarithmic scale is used on the ordinate 
A number of data were considered to be unreliable and were excluded from the 
calculation of к and k'* 
1) For plain bovine hemoglobin solution all experiments except the last 
one because of possible contamination of these solutions with KCl. This 
"Mean value of upper and lower SEM, which are also asymmetric 
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Figure 5.17 Association rate parameter к' in dependence of S. Symbols 
as in fig. 5.15. For bovine hemoglobin + KCl and human 
hemoglobin + KCl + DPG only the mean values of class I experiments are 
indicated (·). Literature data in small type, b and dashed line: Ber­
ger et al., 1967. d, d': Bauer et al.,1973; without and with DPG 
respectively. i: Gibson i Roughton, 1955. 
has been explained above. 
2) For human hemoglobin + KCl ( α in fig. 5.16B) several k's were lower 
than obtained with plain solution (Δ). These were also disregarded. 
3) All data at S > ca. 0.85. As explained in §2.6 the thickness fraction 
ζ, from which λ (eq. (2.23.b)) and к are calculated, is determined from 
the position of the data points relative to the dotted line for equilib­
rium facilitated diffusion and the dashed line for plain diffusion (see 
fig. 5.14). At high Ρ and thus S these data points are so close to the 
99 
dotted line (far right in fig. 5.14) that ζ cannot be determined 
accurately. Therefore values of к obtained at S > ca. 0.85 were considered 
to be unreliable. The same holds for low Ρ and thus low S when the data 
points approach the dashed line for equilibrium. However in this case the 
uncertainty in ζ is compensated by the large number of data points in the 
experiments with bovine hemoglobin + KCl and human hemoglobin +KC1 + DPG 
(o.ein fig. 5.15A and B) . 
From the above it follows that the present facilitated diffusion method to 
determine reaction rates is most reliable at intermediate S in contrast to, 
for instance, the stopped flow method which works best at very high or low 
saturation (see §5.4.4). 
5.4.3 Influence of homotropic and heterotropic interactions on к and k' 
As mentioned in Chapter 1 the influence on O2 binding by hemoglobin can be 
classified in homotropic and heterotropic interactions. The molecular basis 
of these interactions was shortly outlined in §1.2.4. Figs. 5.16 and 5.17 
show the influence of both interactions on the apparent dissociation and 
association rate parameters к and k'. At intermediate S the homotropic 
interaction -i.e. the influence of O2 itself on O2 binding- acts predomi­
nantly on k' which increases as more O2 is bound, к remains constant or 
increases somewhat. Only with bovine hemoglobin + KCl к decreases from S = 
0 to S = 0.7 
The heterotropic influence by Cl~ causes к to increase in case of bovine 
hemoglobin while k' remains about unaltered (line 3 vs line 2 in figs. 5.16A 
and 5.17A). In case of human hemoglobin CI" seems to have the same effect 
(line 2 vs. line 1 in figs. 5.16B and 5.17B) but in this case comparison of 
both solutions is complicated because the pH was 7.0 in the plain solution 
and 7.4 in the solution with KCl added and because the latter solution also 
contained Tris-Mops buffer. As shown with bovine hemoglobin the increase of 
the O2 affinity upon raising the pH will be counteracted by the influence of 
added buffer (see §4.3) but it remains uncertain whether the action of Cl~ 
is similar in bovine and human hemoglobin. 
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Addition of DPG to the human hemoglobin solution further decreased the O2 
affinity about threefold (see table 4.2). Contrary to the (presumed) effect 
of Cl~ this decrease was largely due to a decrease of the apparent associa­
tion rate k' (line 3 vs line 2 in fig. 5.17B) As it is known that the 
binding sites for CI- and for DPG are located at the α and β subunits 
respectively (see fig. 1.3) this would imply that the heterotrophic regula­
tion of the O2 affinity of the hemes is different in both types of chains. 
Moffat et al (1979) discerned three kinds of interaction between ligands 
and hemoglobin the ligand-heme, the heme-globin and the ligand-globin 
interaction The ligand-heme interaction would be responsible for variations 
in the dissociation rate whereas the ligand-globin interaction, which 
involves steric hindrance to ligand binding due to the distal histidine 
(fig. 1.3), would influence the association rate. According to this scheme 
different heterotropic ligands as DPG and CI- could decrease the 0^ affinity 
in several ways. A specific influence of DPG on the & subunits was demon­
strated by Asakura et al. (1978) and Lau and Asakura (1980). These authors 
determined the sequence of O2 binding to the α and β subunits xn hemoglobin 
using electron paramagnetic resonance. In absence of DPG both chains had the 
same affinity but in presence of DPG -and IHP- the β chains had lower affin­
ity. Whether this was due to an increase of к or a decrease of k' was not 
determined. 
5.4.4 Comparison of present data on к and k' with literature data 
To study the reaction rate between hemoglobin and O2 the stopped flow method 
is used most frequently Literature data on к and k' obtained from stopped 
flow experiments are indicated in figs 5.16 and 5.17 with small type and 
the sources are listed in the legends If necessary the data were recalcu­
lated to 20oC using the following activation energies which were obtained 
from Bauer et al. (1973). For к: 96 (no DPG) and 84 (+ DPG) kJ-mol"1 and 
for k': 50 (no DPG) and 63 (+ DPG) kJ-mol-1. All samples contained 0 1-0.2 M 
salts An accent indicates the presence of DPG. No attempt was made to con­
vert the data to pH 7.4 The stopped flow experiments are classified as fol-
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lows with respect to the solutions which were mixed. 
1) Mixing Hb with O2 or НЬСОг)* with dithionite (which consumes O2)· a,b,c,d 
and e 
In these experiments overall rate parameters k' and к respectively are 
determined. With the exception of Berger et al. (1967; b) no influence of 
the saturation, which changes during the reaction, was mentioned. Therefore 
the data points are located at S = 0.5. Berger et al. (1967) measured an 
increase of к' up to S = 0.5 which is indicated by the dashed line in fig 
5.17A. 
2) Mixing НЬСОг)* with CO: f,g and h. 
In these experiments CO replaces 02- By measuring at various [O2] and [CO] 
and extrapolation procedures (see Holland, 1984) the dissociation rate of 
the first O2 molecule to leave hemoglobin can be obtained. In the Adair 
model for O2 binding this gives k^. Thus the data obtained with this type of 
experiments are located at S = 1. Sirs (1966; f) used sheep hemoglobin 
solutions. As sheep hemoglobin is less influenced by DPG, like bovine hemo­
globin, the values obtained by Sirs are inserted in fig 5.16A. fA and fB 
denote type A and type В hemoglobin respectively. Olson et al. (1971, g) 
made a distinction between the α and β subunits. Their data are indicated by 
ga and gß in fig. 5.16B. Cordone and Cupane (1981; h) measured kR, the dis-
sociation rate parameter of the R-state in the MWC model, and showed that 
kR is equal to ki,. 
3) Mixing Hb(02)v(C0) with dithionite (x+y = 4): i.j. 
χ y 
In these experiments the dissociation reaction, due to O2 consumption by 
dithionite, is presumed to stop at some intermediate saturation (with CO) of 
hemoglobin dependent on the value of y Thus if y->4 the dissociation rate 
represents only k^ and at decreasing y the deoxygenation rate is influenced 
increasingly by the other dissociation rate parameters кз, кг, and к^ 
Because the reaction rate between CO and hemoglobin is small no redistribu­
tion of CO over the free sites is supposed to take place during the measure­
ments. Both Gibson and Roughton (1955; 1 for sheep hemoglobin) and Salhany 
et al. (1972, j) found the apparent к to remain constant during the reaction 
if y=4. In addition Salhany et al. found no influence of DPG on к under 
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this condition. If y is small the apparent к increased at proceeding reac­
tion and this increase was enlarged in presence of DPG (dashed lines in 
figs 5.16A and 5.16B). k' as found by Gibson and Roughton (1955) was inde­
pendent of S (fig. 5.17A). 
From the above it follows that the literature data give no decisive answer 
to the question whether k' increases or к decreases with increasing oxygena­
tion An increase of к as indicated in this study for human hemoglobin is 
not supported by the literature data. 
At high saturation high values both for к and k' were found in this study. 
As shown by Mills and Ackers (1979) and by Chu et al. (1984) the affinity of 
tnliganded hemoglobin for O2 exceeds the affinity of the aß dimers. Thus 
at high saturation hemoglobin could kinetically resemble dimers. No data on 
the reaction rates of dimers were found. For isolated a and β chains the 
reaction rates were measured by Brunon et al. (1966) who found k' = 
3.36x10' and 2.24x10' M'^sec"1 and к = 28 and 16 sec"1 for the α and ß 
chains respectively at 20oC. These values are in agreement with the values 
for k' and κ found here for human hemoglobin at high saturation. 
In photolysis and temperature jump experiments both "normal" and very short 
relaxation times of the recorded change in absorbance have been obtained. In 
photolysis experiments on oxyhemoglobin laser light is used to obtain suffi­
cient dissociation (for CO dissociation the flash from an electric discharge 
is sufficient). Sawicki and Gibson (1977) used high power laser light which 
dissociated up to 90% of oxyhemoglobin. At 20 eC, pH 7.0 they found k' = 
5 5x10' M-1-sec"1 which agrees with the present values at high saturation. 
However, dissociation with laser light of picosecond duration is followed by 
very fast absorbance changes also in the picosecond range (Greene et al., 
1978, Duddel et al., 1980; Friedman et al., 1985). The latter two authors 
concluded that part of these short relaxation times are due to very fast 
reoxygenation by O2 molecules which remain in the heme pocket after breakage 
of the 02-Fe bond. If the duration of the laser pulse increases a larger 
fraction of O2 diffuses into the environment and the recombination rate 
decreases. 
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In temperature jump studies the temperature of the solution is raised in a 
few microseconds by discharging a condensator (ca. 30 kV) through the solu­
tion At this higher temperature the ODC shifts to the right and the relax­
ation of hemoglobin to a new equilibrium with O2 is followed spectrophotome-
tncally. For isolated human α and 0 chains Nakamura et al (1974) and 
Brunori and Schuster (1969) observed a single relaxation time Recalculated 
for 20oC the former authors found k' = 4.1 and 5.2xl07 «"'-sec"1 and the 
latter found k' = 5.5 and 6.5*107 bT'-sec"1 for the α and θ chains respec­
tively. These values are about 1.5x and 2.5χ the values found by Brunori et 
al. (1969) using the stopped flow technique (see above). In case of tetram-
enc sheep hemoglobin the deoxygenation process was characterized by two 
relaxation times of 330 sec-1 and of 36.5 sec-1. The slow process gave k' = 
1.8x10' M"l-sec"1 and к = 11.7 sec-1 (recalculated from 25 eC to 20 e C ) . 
This к agrees the mean value found here for bovine hemoglobin but is.' is ca. 
2x higher than in the present study The fast relaxation process was attrib­
uted by Brunori and Schuster to the presence of dimers In the solution. 
Ilgenfritz and Schuster (1974) also found two relaxation times in their 
temperature jump studies on human hemoglobin. The amplitude of the fast 
relaxation increased with increasing concentration. From this they concluded 
that the fast reaction is not caused by dimer formation, because dimenza-
tion decreases at increasing hemoglobin concentration. These authors incor­
porated both processes to calculate к and k' for each oxygenation step. They 
found that the association rate of the first O2 is about as high as for the 
last O2 (4xk'i = k'* = 4x10' M^-sec - 1) and that the low O2 affinity of 
deoxyhemoglobin is due to the high dissociation rate of the first O2 (ki = 
1000 sec"1). The slow relaxation phase was attributed to the reaction rates 
of the intermediary steps. 
From this comparison with the literature data it follows that the values 
obtained here for k' and к are of the same order as those obtained from 
stopped flow experiments. This validates the present investigation which is 
the first to use the interference between chemical reaction rates and facil­
itated diffusion to determine these rates Two advantages of the present 
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method over the classical methods were mentioned in Chapter 1 steady state 
conditions and high hemoglobin concentrations The latter prevents diraenza-
tion at high saturation This is shown in Appendix В A third advantage of 
the present method is that the reaction rates are determined from measure­
ments on Oj itself while in the classical methods it has to be assumed that 
the rate of absorbance change parallels the rate of (de)oxygenation In the 
stopped flow experiments this assumption is valid as the reaction is brought 
about by an external change (as seen from hemoglobin) of the Ρ-, , but in the 
photolysis and temperature jump methods the hemoglobin molecule is activated 
itself Concerning photolysis it was shown that this can lead to very fast 
processes and the same could apply to the temperature jump method Like the 
determination of DH. the present method for the determination of rate param­
eters is physiologically relevant because it uses the proces of nonequili-
brium facilitated diffusion which possibly is involved in the uptake and 
release of O2 by the RBC's (see Chapter 6). 
105 
106 
6 SIGNIFICANCE OF THE PRESENT DATA FOR THE FUNCTIONING OF 
HEMOGLOBIN AND OF THE RED BLOOD CELL 
б 1 Comparison of the reaction rates with the MWC model 
6 1 1 Introduction 
The O2 binding parameters (P50 and ν for the equilibrium reaction between O2 
and hemoglobin and к and k' for the reaction rates) as obtained from our 
measurements are principally phenomenological and are not related to the 
underlying mechanism of O2 binding by hemoglobin After the discovery of the 
changes in the tertiary and quarternary structure of hemoglobin upon oxygen­
ation by the group of Perutz (see Perutz, 1978) several mathematical models 
have been developed which link O2 binding to these structural changes The 
best known model is the so-called MWC model (Monod, Wyman, Changeux, 1965) 
which will also be used here The MWC model allows only for two quaternary 
structures, the Τ (cense) state which predominates in deoxyhemoglobin and 
the R (relaxed) state which predominates in oxyhemoglobin (see §1 2.4). 
The more refined version of the MWC model as devised by Szabo and Karplus 
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(1972), which also takes into account two tertiary structures of the α and β 
chains separately, contains too many parameters to be of use here In the 
next section the MWC model will be explained briefly and will be further 
worked out to give the relationship between the overall k' and к as obtained 
in §5.3 on one hand and those derived from the MWC model on the other hand 
6.1.2 The MWC model 
The MWC model uses as starting point the existence of two quaternary states, 
the T-state and the R-state. Each state has its own equilibrium constant 
for O2 which is the quotient of the association and dissociation rate param­
eter belorging to that state ICp = k'-Zk-, and K R = к'К/кп The
 T
 state has 
the lowest O2 affinity, thus K- < KR. These equilibrium and rate parameters 
hold alike for each of the four subunits. 
To express 1 he overall saturation S and the overall rate parameters k' and к 
in terms of the MWC model, first the species present at equilibrium are 
listed. For the T-state these are: 
[To] = [To] 
[Ti] = UCj-P-ITo] 
(6 i) [T2] = бк^-рМто] 
[Tj] = «Cj'-PMTol 
[•Μ = Κ
Τ
*·Ρ*.ΙΤΟ] 
Subscripts 0-4 indicate the number of O? molecules bound These relation­
ships include the statistical factors (see §4 1) and can be derived from the 
four equilibria between Τ and Oj (see Antonini and Brunori, 1971, pp 157 
and 401). From eq (6 1) the concentrations of deoxygenated sites ([T-Hb]), 
of oxygenated sites ([Т-НЬОг]) and of total number of sites ([T-Hb]..) (all 
in the T-state) are obtained· 
(6 2 a) [T-Hb] = 4[Т0]+3[Т1]+2[Т2] + [Тз] = 4[To] · (1+Itp-P)
3 
(6 2 b) [T-Hb02] = [Ті1+2[Т2І+3[Тз]+4ПЧ1 = 4[Το]·Κτ-Ρ·(1+Κτ·Ρ)
1 
(6 2.с) [T-Hb]T = 4[То]+4[Т1]+4[Т2]+4[Тз]+4[Т<г] = 4[То] • (l+ftp-P)» 
Similar equations hold for the R-state. From eqs. (6 2 b) and (6 2 c) the 
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(6.3) 
saturation S is derived as follows: 
occupied sites [Т-НЬОг]+[R-Hb02] 
total sites [T-Hb]T+[R-Hb]T 
Lo-KT-P-(l+KT-P)
J
+KR-p.(l+KR-P)
3 
Lo-Çl+Itp-Pj'+d+Kjj-P)» 
with LQ = [To]/[Ro]. Note that if there is no coopérâtivity, K-, = KR = К 
and in that case eq (6 3) directly leads to eq. (4 2). At Ρ = PSQ, S = 
0.5, eq. (6 3) yields the following equation for LQ: 
(KR-P5o-1)-(KR-P50+1)
3 
(6.4) LQ = 
(K^Pso-U-dCr-Pso+i)3 
The relationships between the overall rate parameters к and k' on one hand 
and k_, k R and k_,' , kR' on the other hand are derived by taking the weighted 
mean of the latter as follows 
For the apparent k: 
k-[Hb02] = ^-[Т-НЬОг] + kR-[R-Hb02] 
(6.5) or: 
iLj.-Lo-ííj.-d+^-P)1 + kR-KR-(l+KR-P)J 
к = 
Lo-Itj.-d+K.j.-P)3 + K R-d+K R-P) 3 
and for the apparent k' : 
k'-[Hb] =kT'.[T-Hb] +kR'-[R-Hb] 
(6 6) or: 
k^-Lo-d+iCj.·?) 3 + k ^ - d + K g - p ) 3 
k' 
Lo.d+K T-P)
3
 + d+K R-P)
3 
Fitting of the MWC parameters to the experimental data was done as follows: 
1) Eq. (6.3) was fitted to the ODC's shown in fig. 4 2 in order to obtain 
KT, KR and LQ. Fitting was simplified by the findings of Imai (1983) who 
showed that KR can be assumed to be constant with a wide variation of con­
ditions (pH, DPG, ionic strength). Thus uniform KR's for each of the hemo­
globins, bovine or human, were obtained from the 45° asymptotes to the 
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high saturation part of the Hill plots in fig. 4.2 (see next section). 
Then K-. was chosen with the help of the asymptotes to the low saturation 
parts and LQ was calculated from eq. (6.4). Insertion of K_, K- and LQ 
into eq. (6.3) gave the ODC's according to the MWC model which were com­
pared with the experimental data. 
2) After obtaining K-, KR and LQ, values of k- and kR were chosen and with 
that also k-,' and k-' were fixed (since k_' = Κ-,-Ιί-, and к ' = K R'k R). 
Eqs. (6.5) and (6.6) then gave the apparent к and k' in dependence on Ρ 
and via eq. (6.3) also in dependence on S. These calculated values of к 
and k' were compared with the experimental data shown in figs. 5.16 and 
5.17. 
Step 2) is about similar to the approach of Hopfield et al. (1971). These 
authors determined the relationship between the 8 Adair parameters k^-k^ and 
ki'-k^' and the MWC parameters. 
The purpose of the application of the MWC model was to determine if this 
model can account qualitatively for the measured values for к and k' . 
Therefore a fitting procedure was done by eye and no least squares or other 
statistical methods were used to determine the best fit. 
6.1.3 Results and discussion. 
In fig. 6.1, representing the ODC's of bovine and human hemoglobin, the 
solid lines and points were copied from fig. 4.2. Added to this are the dot­
ted curves representing the S-P relationship according to the MWC model (eq. 
(6.3)) and the dashed asymptotes "K-," and "Kr,". The intersections of these 
asymptotes with the abscissa give logiK--1) and logiK-.-1) with KR and K_ m 
kPa~l. With α (§3.7) K_ and KR can be converted to M"
1
. The resulting values 
for K-, and KR are shown in table 6.1 together with the values for P50 and К 
which were taken from table 4.2. T-P50 and R-P50 were calculated from the 
intersections of the asymptotes with the abscissa. These parameters can be 
regarded as the half-saturation pressures of the T- and R- states respec­
tively. In accordance with Imai (1983) constant values for KR were chosen 
for bovine and human hemoglobin solutions. Fig· 6.1 shows that the MWC 
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3 log Ρ (кРа) 
Figure 6.1 Hill plots of the ODC's of bovine (A) and human (B) hemo­
globin. Symbols and solid lines as in fig 4 2. The num­
bers indicating the measurements refer to the experimental conditions 
as listed in tables 4 2 and 6 1. Dotted lines- calculated according to 
eq. (6 3) (MWC model). Dashed lines: asymptotes used to obtain the MWC 
parameters. Further explanation m text. 
model with constant KR fits the data as well as Hoofd's model (§4.1) at low 
saturation and even better at high saturation. This confirms the conclusion 
of Imai (1983) that in the R-state all oxylabile interactions are absent 
irrespective of the solution conditions. But the tetrameric configuration by 
itself might influence the O2 affinity of the subunits. According to Mills 
and Ackers (1979) and Chu et al. (1984) the affinity of tetrameric hemoglo­
bin for the binding of the last O2 molecule is higher than the O2 affinity 
of dimers or isolated subunits (quaternary enhancement). Mills et al 
(1979) obtained P50 = 72 and 33 Pa for the о and β chains respectively at 
20CC. According to table 6 1 the R-state of human hemoglobin has a P50 of 
25 Pa which confirms the effect of quaternary enhancement. In table 6.1 
also the values for LQ and for the switch-over point i_ (= 
-logLo/log{K_/KR} ; see Hopfield et al., 1971) are listed. ι„ is the mean 
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Table 6.1 Equilibrium and rate parameters of the reaction 
between hemoglobin and oxygen 
A) B o v i n e Hb 
1 p l a i n 
2 +Tr/M 
3 +Tr/M+KCl 
B) Human Hb 
1 p l a i n 
2 +Tr/M+KCl 
3 +Tr/M+KCl 
+DPG 
1) 
A p p a r e n t v a l u e s a t S = 
P 5 0 
kPa 
0 . 5 5 
0 . 6 8 
1 .74 
0 . 1 1 
0 . 4 1 
1.21 
К 
M"' 
l . 2 x l 0 5 
l . O x l O 5 
4 . І Х І 0 4 
6 . 5 Х І 0 5 
1 . 7 x l 0 5 
5 . 9 x l 0 4 
k ' 
M - ' . s - ' 
-
4 . 4 x l 0 5 
3 . 9 x l 0 5 
2 . 0 x l 0 6 
Ι . β χ Ι Ο
6 
7 . 3 χ 1 0 5 
- 0 . 5 
к 
- 1 
s 
-
4 . 4 
9 . 6 
3 . 1 
1 0 . 4 
1 2 . 4 
T-P 
50 
kPa 
4 . 0 I 
5 . 3 1 
1 0 . 0 7 
0 . 6 1 
2 . 9 2 
6 . 7 1 
MWC 
T - s t a t e 
S 
M"' 
. 7 x 1 0 
. З х Ю
1 4 
. O x l O 3 
. I x l O 5 
. 6 χ 1 0 4 
. l x 1 0 A 
k í 
M - ' . s - ' 
-
3 . 9 x l 0 4 
1 . 4 x l 0 5 
l . l x l O 5 
І . З х Ю
5 
5 . 5 x l 0 4 
p a r a m e t e r s 
к
т 
- 1 
s 
-
3 
20 
1 
5 
5 
R
-
P 5 0 
kPa 
0 . 0 5 0 
0 . 0 5 0 
0 . 0 5 0 
0 . 0 2 5 
0 . 0 2 5 
0 . 0 2 5 
2 ) 
R - s t a t e 
h 
M"' 
1 . 4 x l 0 6 
І . З х Ю
6 
І . 4 х І 0 6 
2 . 9 * 1 0 6 
2 . 8 χ 1 0 6 
2 . 8 χ 1 0 6 
k R 
M - ' . s " 1 
-
б . б х І О
6 
6 . 8 x l 0 6 
2 . O X 1 0 7 
З . б х Ю
7 
3 . 9 x l 0 7 
k R 
- 1 
s 
-
5 
5 
7 
13 
14 
L 0 
-
1 . 3 6 x 1 0 * 
З.ОбхЮ
1 4 
1 . 0 9 x 1 o 6 
4 . 0 0 Х І 0 2 
6 . 5 7 χ 1 0 4 
4 . 2 3 Х І 0 6 
^ 
— 
2 . 1 6 
2 . 2 1 
2 . 6 2 
1.85 
2 . 3 5 
2 . 7 5 
1) 
2) 
Taken from Table 4.2 and figs. 5.16 and 5.17; P 5 0 - 1/Q"K 
Calculated as explained in text. 
T-P50 = Ι/Λ·Κ
Τ
; R-P50 = I/O'-KH 
LQ = equilibrium constant of the reaction TQ ^  RQ 
ig = -logLo/log(KT/Kji) » mean number of O2 molecules bound 
to hemoglobin at the switch-over point from T-state to R-state 
7 5 1 " к ( s - 1 ) bovine Hb 20oC 
50 h r 
2 5 ^ 
® 
\y 
n» 20' 
15 
10 
5 
k T 2 ^ 
Г1Г 
| _
r
_
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А
-:--:::л,,„-1 
0.5 saturati on 
" [ M s " 1 
50 [ v ) human Hb 20
oC 
•y 
f \2 
, k R 3 
1.0 
saturation 
Figure 6.2 Dissociation rate parameter к in dependence on S. Symbols 
and solid lines as in fig. 5.16. Dashed lines: calculated 
with the MWC model using eq. (6.5). The numbers refer to the experi­
mental conditions listed in tables 4.2 and 6.1. 
number of Oj molecules bound when [T-Hb(02)i
s
] = [R-Hb(02)i
s
] (iq=0-4). 
The course of к and of k' along with S as calculated from eqs. (6.5) and 
(6.6) is shown in figs. 6.2 and 6.3 respectively with dashed lines; the val­
ues for k_, k_', к« and kj,1 are listed in table 6.1 and the points and solid 
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Figure 6.3 Association rate parameter k' in dependence on S. Symbols 
and solid lines as in fig. 5 17 Dashed lines calculated 
according to the MWC model using eq (6 6) Numbers refer to experi­
mental conditions listed in tables 4 2 and 6 1 
lines in the figures were copied from figs 5 16 and 5.17. The constancy of 
к at intermediate S as found in the experiments led in the MWC model to val­
ues for k-, and к_ which differ ca. 3-fold. In case of bovine hemoglobin + 
Tris-Mops buffer k_ had to be larger than k R to fit the experimental data 
(see A3 in fig 6.2 and table 6.1). In all cases the apparent к as calcu­
lated from the MWC model rapidly approaches k- at increasing S. Therefore 
the MWC parameters could not be fitted well to the slope of the straight 
solid line — 1 — in panel В of fig. 6.2. The model also could not fit the 
high values of к measured at S = 0.8-1. Increasing kR to these high values 
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would raise the major part of the dashed curves above the data points at 
intermediate S. However, as explained at the end of §5.4.2 these data are 
less reliable. 
In §5.4.3 some preliminary conclusions were drawn on the effect of homo-
tropic and heterotropic interactions on the apparent к and k'. In the fitted 
MWC model the homotropic interactions are expressed mainly in the large dif­
ference between k-,' and kR ' (see table 6.1 and fig. 6.3). Concerning the 
heterotropic interactions a reasonable assumption would be that kj, and к-' 
are, like K_, independent of the solution conditions. The heterotropic 
interactions then would influence only the reaction rates of the T-state 
(k-, and k-,'). This seems to be confirmed by the data in table 6.1. However, 
the agreement between the MWC model and the experimental data is not good 
enough to justify more specific conclusions on the effect of the hetero­
tropic interactions on the MWC kinetic parameters. 
6.2 Chemical nonequilibrium in the RBC during oxygen uptake and 
release 
6.2.1 Introduction 
Gas exchange of RBC's with the environment takes place in the capillaries 
and facilitated diffusion in the interior of the cells might increase their 
(de)oxygenation rate. However, the capillaries are of the same size as the 
RBC's which pass in a single file. Thus the pathway in which the diffusion 
processes take place is in the order of micrometers and chemical nonequili­
brium can be expected to occur. This will impair the developement of satu­
ration gradients which are required for facilitation (see §2.6). O2 uptake 
and release rates have been measured with the stopped flow technique. It was 
found that as soon as the flow stops after mixing O2 exchange is limited by 
the developement of an unstirred layer around the cells through which O2 
must diffuse (Huxley and Kutchai, 1983; Yamaguchi et al., 19Θ5; Holland et 
al., 19Θ5). In deoxygenation experiments in which oxygenated RBC's are 
mixed with deoxygenated buffer this layer can be eliminated by adding dithi-
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Table 6.2 Parameter values for the calculation of Ρ and S profiles in 
a thin layer representing a RBC. 
[НЬ]
Т
 . 33 g·100ml" 
-* Cj^ = 20.5 mM (Typical for RBC) 
Pso 
ν 
L 
3.50 кРа і г 
0.54 -• „(υ) = 2.46 and n(Hill) = 2.67 (table 4.2) 
0.8 ym 2 > 
D
o? 
DHb 
α 
к 
к' 
P0 
or 
PL· 
or 
0.64x10-' m2-sec-1 (гО-С) -• 1.02x10-' m'-sec"1 
І.ОЭхІО
-11
 m^sec
- 1
 -• І.бОхІО
-11
 m^sec"
1 
0.0144 mM 
13 sec-1 
-
13.3 kPa 
6.0 kPa 
5.3 kPa 
0 kPa 
kPa"1 -• 0 0115 mM-kPa"1 
- 86 sec-1 
2 14x10е M-'-sec-1 
(from P(arterial) = 100 mm Hg) 
(at 0.5 χ P(arterial)) 
(from Ρ(venous) = 40 mm Hg) 
(at anoxia) 
(37eC) " 
k> 
S) 
(see 
(see 
text) 
text) 
combined parameters: 
J> : 1.17X10"11 mol-m-^kPa-'-sec-1 
Pp. 28 kPa 
К : 2 48x10* M - 1 (at S = 0.5) 
L-: 0.152 pm (at S = 0.5) 
(eq. (2.9.a)) 
(eq. (2.9.b)) 
(eq. (2.11.b)) 
(eq. (2.11.a)) 
l >
 from Zwart et al. (1984) and Kilmartin and Rossi-Bernardi (1973). 
1 1
 equals 0.5x the thickness of the human RBC (Vandegriff and Olson, 
1984b). 
" from fig 5.4 and a correction of г.вГо^С"1 (Millington, 1955). 
*' from fig. 5.11 and a correction of 2.3%-0C-1 (Keller et al., 1971). 
" using OQ (i.e. in water) at 370C = 0.111 mM-kPa-1 (Hodgman et al., 
1957, p. 1606 see §3.7). 
onite to the buffer which mops up released O2 directly as it leaves the 
cells. In that case the release rate is constant over the main part of the 
reaction (Yamaguchi et al., 1985). These authors suggested that this points 
to a well stirred solution inside the RBC. Facilitated diffusion might have 
caused this "stirring" effect. Vandegriff and Olson (1984a, 1984b, 1984c) 
developed mathematical models which adequately described the (de)oxygénât ion 
rates of RBC's. These models included the diffusion of hemoglobin and its 
reaction rate with O2. Thus nonequilibrium facilitated diffusion was taken 
into account but its importance was not tested, for instance by putting Djj, 
= 0 (no facilitation) or by putting k' and к •+ - (maximal facilitation). 
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Figure 6.4 Profiles of Ρ and S in a 0.8 ym layer at 37<>C and at vari­
ous boundary values for Ρ (see table. 6.2). Abscissa: 
position in the layer Left ordinate: O2 partial pressure. Right ordi­
nate: saturation. Solid curves: P. Dashed curves: S. Index N: calcu­
lated for chemical nonequilibnum (Lo = 0.152 μιη at S = 0.5). Index E: 
calculated for chemical equilibrium XLg = 0 um). 
In this section the effect of facilitated diffusion on the (de)oxygénât ion 
rate of human RBC's will be examined by calculating profiles of Ρ and S 
using inside a flat layer of 0.8 um thickness which is half the thickness of 
the human RBC. The calculation program as described in §2.6 was used. 
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Table 6.3 Boundary values of Ρ and S and contribution of facilitated 
diffusion in the model calculation. 
A) 
B) 
C) 
D) 
P0 PL 
kPa 
6.0 0 
6.0 5.3 
13 3 0 
13 3 5.3 
s
o 
0.50 
0 77 
0 90 
0 93 
Nonequilibnura 
SL 
0.34 
0.75 
0 65 
0.85 
ΔΡ 
kPa 
6 0 
0.7 
13.3 
8 0 
PF-AS 
kPa 
4.6 
0.40 
6.8 
2 2 
%fac 
1) 
43 
36 
34 
22 
S0 
0 78 
0.78 
0 94 
0 94 
Equilibrium 
SL 
0 
0.73 
0 
0 73 
VAS 
kPa 
21.9 
1 43 
26 3 
5 9 
%fac 
1) 
78 
67 
66 
42 
А, В, С and D correspond to the panels in fig 6 4 
1 1
 relative contribution of hemoglobin mediated O2 flux to the total 
flux, from PF-US/(AP+PF-AS). 
However, this program was based on the assumption that Lg and thus k' are 
constant (curve L.I in fig. 2 8), whereas it appeared from the experiments 
(§5 4) that not k' but к is constant and thus L. decreases at increasing S 
(curve Loll in fig 2.8). Thus the calculation program of §2.6 was adapted as 
follows. From eq. (2.11.a) L„ was calculated at P„ = P50 and inserted as 
before in the list of input data (fig. 2.4). Then at every step involving 
the calculation of S (fig. 2 4. step 4 and fig 2 5· steps 2, 6) the ratio 
Pjf/Pso was calculated with the help of eq. (2.16). Multiplication of L- (at 
S = 0.5) by this ratio then gave the actual L« at the respective S, which 
was used in the following steps to calculate λ. 
The parameter values used are listed in table 6.2. For the temperature 
dependent parameters both the values at 20eC and the extrapolated values at 
37 eC are given. The extrapolation is explained in the legend of the table. 
K, k' and к at 37eC and S = 0 5 were achieved as follows: 
1) P50 for human hemoglobin + KCl + DPG (pH 7.40 and 20eC) is ca 1.21 kPa 
(table 4.2). With ΔΗ = -43 kJ-M-1 (table 4 3) P5o at 37
0C becomes 3 19 
kPa. However, for full blood (Zwart et al., 1984) or human hemoglobin 
solution + KCl + DPG + bicarbonate (Kilmartin and Rossi-Bernardi, 1973) 
P50 equals ca. 3.50 kPa at 37eC. The difference is caused by bicarbonate 
which cannot be disregarded in the following simulation of the in vivo 
situation. Therpfore, P50 = 3.50 kPa was used here. 
2) No literature data for k' and к in presence of bicarbonate and at 37eC 
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were found. In this work к = 12.4 sec-1 was found for human hemoglobin + 
KCl + DFG at 20oC (fig 5.16). In case of added bicarbonate к was assumed 
to increase only slightly (to 13 sec-1) bearing in mind that heterotropic 
effectors seem to influence k' most (§5.4.3). With an activation energy of 
-84 kJ-M"1 (Bauer et al.,1973) к becomes 86 sec"1 at ЗТ'С; к' at 370C and 
S = 0.5 was obtained from k-K (see table 6.2). 
6.2.2 Results 
The profiles for Ρ and S at four sets of boundary values of Ρ are shown in 
fig. 6.4. Each panel contains profiles for nonequilibrium (N) and for equi­
librium conditions (E). The latter were achieved by insertion of L„ = 0. 
Note that the model does not distinguish between O2 uptake and release of 
the layer. Comparison of the profiles of S for equilibrium and nonequili-
briun shows that at all conditions nonequilibrium both decreases S. (due to 
the finite value of k') and increases S. (due to the finite value of k). At 
larger PQ (panels С and D) the decrease in S. is relatively smaller than the 
increase in S. . To asses the contribution of facilitated diffusion to the 
total O2 flux ΔΡ has to be compared with Pp.·AS: both gradients contribute to 
the total O2 flux as shown by eq. (2.8). In table 6.3 the boundary values of 
Ρ and S and the values of ΔΡ and P.-AS are listed. The indices А, В, С abd D 
refer to the panels in fig 6.4. The table shows that at the expected degree 
of nonequilibrium AS (= S--S.) is reduced much, but due to the large carry­
ing capacity of the hemoglobin solution (?_ = 28 kPa) also in this case 
facilitation reaches 20-40% of the total flux. 
6.2.3 Discussion 
The calculation above shows that hemoglobin mediated oxygen diffusion con­
tributes significantly to the total O2 flux, but the model used differs from 
the situation in vivo. 
First, the RBC is not a plane sheet. The unrestrained shape of a human RBC 
resembles a biconcave disk which is mathematically impractical. For this 
reason the human RBC best can be described as a flat cylindrical disk with a 
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radius of 4 2 μιη and a thickness of 1 6 vm (Vandegriff and Olson, 1984b) 
Neglecting the area of the surrounding edge of this disk -as in the plane 
sheet model- reduces the total area with 27% and representing the RBC as a 
sphere with a radius of 2 75 vm (Vandegriff and Olson, 1984b) reduces the 
area with 38% For stopped flow experiments the cylindrical disk model is 
most appropriate as the cells will resume their unrestrained shape after 
mixing Indeed Vandegriff and Olson (1984c) found that the gas exchange rate 
as calculated by the cylindrical disk model best fitted their experimental 
data, assuming that the unstirred layer around the cells (see §6 2 1) 
increased from 1 to ca 20 vm thickness after stop of the mixing process 
However, these authors noted that the plane sheet and spherical models can 
give a good fit to the experimental data if the thickness of the unstirred 
layer is decreased to allow for the decreased surface area in these models 
(see above) Kagawa and Mochizuki (1982) and Coin and Olson (1979) too found 
good agreement between the gas exchange rate as predicted by the plane sheet 
or spherical model and experiments Vandegriff and Olson (1984c, see above) 
also calculated profiles of [O2] and [НЬОг] inside their cylindrical disk, 
plane sheet and spherical models at 60 msec after mixing m a stopped flow 
experiment These show that both gradients are about similar in the disk 
and sheet but in the sphere both gradients are much larger They attributed 
this to the longer diffusion pathway in the sphere which prevents O2 from 
reaching tne core as fast as in the disk and sheet but, as shown in §2 6, 
the smaller gradients in the disk and sheet could partly have been caused by 
larger nonequilibrium due to the short diffusion pathway (0 8 ym) in compar­
ison with the pathway in the sphere (2 75 ]im) 
The model calculation in the previous section showed that at least in a 
plane sheet facilitation is ca. one third of the total O2 flux, even in the 
presence of chemical nonequilibrium and backpressure (conditions В and D in 
tabel 6.3). Thus also in the more realistic (at least for unconstrained 
cells) cylindrical disk model facilitation will occur because both models 
are similar in the gradients of Ρ and S (see above) If the RBC's assume a 
more spherical shape when forced through the capillaries facilitation will 
even increase because of the larger gradients (see above) However, in this 
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case the total O? flux will be less because of the longer diffusion pathway 
in a sphere. 
The second difference oetween the plane sheet model as used in the previous 
section and the situation in vivo is that in vivo there is no steady state 
At non-steady state profiles of Ρ and S will be steeper, leading to larger 
disequilibrium and thus less facilitation. However, the relaxation time for 
stabilization of the profiles is short. The mean distance traveled by diffu­
sion of a particle with diffusion coefficient D in a time interval At equals 
/(2D-ût) Hemoglobin, which is by far the slowest species here, travels a 
distance of 0 8 um in 20 msec and the aforementioned relaxation time will be 
of the same order. The oxygenation time of the RBC in a pulmonary capillary 
and the deoxygenation time in a tissue capillary (transit time in the latter 
ca. 0 75 sec, see Garby and Meldon, 1977) were calculated to be ca. 0.15 
and 0.35 sec respectively (Weibel, 1984, figs. 12.10 and 7.17 respectively), 
thus the actual profiles will not be very different for profiles calculated 
for steady-state in this case. For a sphere with radius 2.75 um (Vande-
gnff and Olson, 1984b) Δι = 0.24 sec, but disregarding a volume of only 10% 
in the core reduces the diffusion pathway to 1.47 ym and At to 68 msec. Thus 
in a spherical RBC nonequilibrium will be increased due to the larger devia­
tion from steady state but at the same time decreased due to the longer dif­
fusion pathway (see above). 
Gonzales-Fernandez and Atta (1981) calculated facilitated O2 diffusion in a 
layer of 0 75-1 ym and found the contribution to the total O2 flux to be ca. 
60% Moll (1968) calculated the time needed for oxygenation and deoxygena­
tion of the RBC at non-steady state and concluded that facilitated diffusion 
increased these rates with ca. 30%, but only during the last two third of 
the exchange process Hoofd (1986) estimated the deviation from chemical 
equilibrium for a diffusion pathway of 2 yra (= capillary radius) and con­
cluded that facilitated O2 transport takes place but below its maximal 
level. An overview of literature on facilitated O2 transport by hemoglobin 
in vivo was given by Kreuzer and Hoofd (1987). 
The present estimate of the contribution of hemoglobin mediated O2 transport 
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to the total O2 flux towards and from the RBC is in general agreement with 
the data in literature and it is concluded that ca one third of this total 
transport in the RBC is accounted for by facilitated diffusion However, 
the contribution of facilitated O2 transport will be insignificant if con-
vectional stirring of the cell content occurs when the cells are forced 
through the capillaries 
6 3 General conclusions 
In this study measurements of O2 diffusion in flat homogeneous layers of 
bovine and hemoglobin solution were used to obtain the diffusion coeffi­
cients of O2 and hemoglobin, D- and DUL, and the association and dissocia­
tion rate parameters, k' and к respectively, of the reaction between hemo­
globin and O2 In addition, oxygen dissociation curves (ODC's) were 
measured under the same experimental conditions The conclusions are summa­
rized as follows 
1) The ODC's are in agreement with the literature data (Chapter 4) It was 
also shown that the MWC model with fixed K„ and variable K-, (depending on 
the solution conditions) fitted the experimental date very well (§6 1) 
2) Plain O2 diffusion was obtained by applying backpressure and yielded 
values for D 0 which were in very good agreement with literature data 
(§5 2 3) 
3) From measurements of facilitated O2 diffusion through thick layers Du, 
was obtained at a hemoglobin concentration range of 11-42 g-lOOml-1 (§5 3) 
Especially at high concentration D„, exceeded almost all data in literature 
This was attributed to the fact that in this study homogeneous solutions 
were used whereas in literature soaked filters were used Probably the 
mobility of hemoglobin in these filters is decreased by interaction of the 
molecules with the large surface area of the filter material The validity 
of the present values are confirmed by the agreement with the data of Spaan 
et al. (1980) who also used homogeneous solutions. 
4) Facilitated O2 diffusion in thin layers (ca 28 μπι) was shown to be 
impaired by chemical nonequilibrium as has been described earlier in model 
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calculations in literature. The present study is the first in which nonequi-
librium facilitated Oj diffusion was investigated systematically and used to 
derive the overall rate parameters k.' and к of the reaction between hemoglo­
bin and 02- There was general agreement between the present data and the 
date in literature as obtained by the stopped flow method. It was shown that 
with both human and bovine hemoglobin positive cooperativity, which leads to 
the S-shape of the ODC, is due to an increase of k' along with increasing 
saturation whereas к remains about constant (§5.4.3). Cl~ seems to lower the 
O2 affinity of both types of hemoglobin by increasing k; DPG decreases the 
O2 affinity of human hemoglobin further but by decreasing k' in contrast to 
the effect of CI" (§5.4.3). In §6.1 the MWC model was worked out to give 
the relationship between the overall k' and к as obtained in this study and 
k' and к for both the T-state and the R-state. There was reasonable agree­
ment between model and experimental data except at high saturation. 
5) The contribution of facilitated diffusion to O2 uptake and release in the 
RBC was estimated with a model calculation (§6.2). It was shown that ca. 
one third of the total O2 flux can be attributed to facilitated transport by 
hemoglobin if there is no stirring of the cytoplasm in the RBC. 
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APPENDIX A 
Solution for f(x) 
The basic differential equation which describes facilitated O2 diffusion 
under steady-state conditions (eq. (2.3) or (2.10)) was solved approximately 
by splitting the real Ρ into a saturation dependent function e(S) and a 
position dependent function f(x) (see eq. (2.12)). e(S), or rather its 
inverse S(P), was described in Chapter 4. The remaining function, f(x), has 
to be solved from the differential equation: 
2
·
1 4 Χ ί
· ά ^ ' e(S)
+
f(x)-P K.— 
g 
e ( S ) and Pir'TTg c a n c e l ( e q . 2 . 1 6 ) , which g i v e s : 
d 2 f 1 
A . l = f 
dx 2 X1 
In this equation λ (see eq. (2.15)) is assumed to be constant because f(x) 
is only dependent on x. In that case eq. (A.l) is easily solved in terms of 
exponential functions: 
A.2 f(x) = fi-e x / X + f 2-e"
x / X 
where the coefficients fi and f2 are obtained by applying the boundary 
conditions (eq. (2.7) and eq. (2.12)) as follows. The boundary conditions 
for the gradients in S are derived from eq. (2.5.a) which gives: dS/dx = 0 
at χ = 0 and χ = L, but consequently also: de(S)/dx = 0 because e(S) depends 
on S only. dS/dx = 0 is inserted into eq. (2.7) and de(S)/dx = 0 into 
the differentiated form (to x) of eq. (2.12). Combination of these latter 
equations then gives the boundary solution for the flux J: 
A.3 у-= - -gj at χ = 0,L 
This equation states that the total O2 flux at the boundaries is brought 
about by the gradient in f(x) only and thus by plain diffusion only (see 
§2.6). Eq. (A.2) is differentiated once and the boundary condition (eq. 
(A.3)) is applied for x=0 and x=L, from which fi and f2 can be solved. 
Inserting these in eq. (A.2) gives: 
iii 
f (χ) =• 
J. λ e(*L/X).e(",t/Xî-e("iL/X).e(x/X) 
e(2iL/X)+e(-ÍL/X) 
This equation is written more easily in terms of the functions sinus-, 
cosinus- and tangens hyperbolicus which are defined as. 
sinh(X) =
 4e
X
-e"X)/2; cosh(X) = (eX+e"X)/2, tanh(X) = sinh(X)/cosh(X) 
The course of these functions is shown in fig A.l. Now eq (A 4) 
simplifies to: 
f(x) 
J-λ sinh{(!L-x)A} 
? cosh{èL/\} 
At the boundaries (x=0 and x=L) the term sinh( )/cosh( ) right of the "=" 
sign becomes + or -tgh(iLA) The course of this function is also shown in 
fig A.l. Because λ is at least one order of magnitude smaller than L (see 
Chapter 5) the term tgh approaches unity which leads to eqs. (2 18. a) and 
(2.18.b). 
Figure 1 Course of sinh(X), cosh(X), and tanh(X) around X = 0. 
APPENDIX В 
Extent of dimerization in human hemoglobin solutions. 
The equilibrium between tetrameric hemoglobin and its dimeric form is 
written as follows: 
B.l 0262 * 2αβ 
The equilibrium constant for this reaction is according to with Chu and 
Ackers (1981) written as: 
with i = 0-4 the number of O2 molecules bound to hemoglobin. The total 
tetrameric hemoglobin concentration measured by spectrophotometry is: 
B.3 [Hb]T = [a2ß2]+i[aS] 
From Chu and Ackers (1981) the following values for the dimerization 
constants at 21.40C and pH 7.4 were derived: 'Кг = S-OxlO*1· M"1 (for 
deoxyhemoglobin) and 'Кг = 6.3xl0+* M-1 (for oxyhemoglobin). By combination 
of eqs. (B.2) and (В.Э) the fraction of dimers in oxygenated and 
deoxygenated solution was calculated; the result is shown in fig. B.l. In 
the present experiments tetrameric [Hb]T was ca. 3 mM. The concentration of 
dimers in deoxygenated solution then is 0.24 yM which is negligible, but in 
the oxygenated solution the dimer concentration is 0.07 mM or ca. 2.5%. 
With the stopped flow and flash photolysis method [Hb]-, is ca. 20 vM. Then 
the dimer concentration in deoxygenated solution is still negligible (0.02 
μΜ) but in oxygenated solution it is 5.3 μΜ or more than 26% of the total 
tetrameric concentration. Reaction rates measured under these conditions 
cannot be ascribed merely to tetrameric hemoglobin. 
Figure 1.2 Fraction of dimers (ordinate) as a function of tetrameric 
hemoglobin concentration (abscissa) in oxygenated (top 
line) and deoxygenated (bottom line) solution. 
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SUMMARY 
The aim of the experiments described in this thesis was to obtain 
association and dissociation rate parameters of the reversible reaction 
between oxygen and hemoglobin using the phenomenon of facilitated oxygen 
diffusion. In addition diffusion coefficients of oxygen and hemoglobin were 
obtained. 
Chapter 1 deals with the position of facilitated oxygen diffusion in O2 
transport of animals in general. §1.1 gives an overview of this process. In 
many animal species O2 is transported by circulating blood which connects 
the sites of O2 uptake (lungs, gills, skin) with the sites of O2 release 
(inner tissues). Frequently some hemeprotein is present in the blood to 
increase the O2 carrying capacity of the blood In this work bovine and 
human hemoglobin were used. The structure and O2 binding properties of human 
hemoglobin are described in §1.2. O2 uptake and release by hemoglobin and 
other hemeprotems have been studied previously m vitro in solutions of 
hemoglobin. It appeared that the rate of O2 uptake and release can be 
faster than would be expected from plain diffusion of O2 only. This process, 
called facilitated oxygen diffusion, is explained in §1.3. It has led to a 
large number of publications on the mathematical description of facilitated 
diffusion in general. These mathematical descriptions have been used to 
calculate the contribution of facilitated O2 diffusion in O2 transport in 
vivo, where a direct experimental approach is hampered by the very small 
scale (cellular level) at which diffusion processes take place. On the other 
hand mathematical formulations can be used to derive the parameters which 
are important for the description of facilitated O2 diffusion from in vitro 
measurements of facilitated O2 diffusion itself; in this wiy Aie diffusion 
coefficient of hemoglobin has been obtained. Many theoretical publications 
emphasize the role of chemical reactions in facilitated diffusion. This 
thesis describes the first systematic experimental investigation of 
nonequilibrium facilitated O2 diffusion. O2 diffusion was measured in a 
diffusion chamber where a flat layer of hemoglobin solution is positioned 
between two gaschambers equipped with O2 electrodes (fig.3.2). The aim of 
this work is detai1ed in §1.4. 
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Chapter 2 deals with the mathematical description of facilitated O2 
diffusion. §2.1 presents the basic equation (eq. (2.3)), §2.2 its 
approximate analytical solution (from Hoofd and Kreuzer, 1979) and §§2.3, 
2.4 and 2.5 the elaboration to fit the results of the experiments. §2.6 
describes a model calculation of facilitated O2 diffusion. It is shown that 
chemical nonequilibrium decreases facilitated O2 diffusion (fig. 2.6) by 
decreasing the gradient in fractional saturation of hemoglobin (AS) across 
the diffusion layer. In §2.6.5 the dependence of the nonequilibrium layer λ 
on S under various conditions is calculated, λ is the boundary layer in the 
diffusion layer where the reaction between hemoglobin and O2 is displaced 
from chemical equilibrium; λ is derived from the ratio of reaction rates and 
diffusion rates, the so-called Damköhler number (eq (2.4)). In §2.7 it is 
shown that the contribution of rotational motion of hemoglobin to 
facilitated O2 diffusion is negligible. 
Chapter 3 deals with the experimental set-up, data handling, accuracy of the 
P- electrodes, deviations from steady-state conditions and measurement of 
stiffness of the supporting membranes. Special emphasis is laid on the 
construction of the diffusion chamber and on the preparation of the thin 
diffusion layers (down to 28 urn) and of the flushing gases, which are 
essential to achieve the stable conditions required for measurements of 
nonequilibrium facilitated diffusion. In §3.7 the calculation of the 
physical O2 solubility coefficient is explained and §3.8 gives an overview 
of the experimental conditions. 
Chapter 4 deals with the oxygen dissociation curves (ODC's) of bovine and 
human hemoglobin. These curves represent the equilibrium between hemoglobin 
and O2 and are required for the evaluation of the diffusion experiments. 
§4.1 gives the mathematical model used to describe the ODC's. The 
measurements were done under the same conditions as the diffusion 
experiments (§4.2, and agreed with the data from the literature (§§4.3 and 
' 4.4) 
Chapter 5 deals with the diffusion experiments. In §5.1 the equations used 
for the evaluation are summarized (eqs. (5.1.a) to (5.5)) and the function 
of the parameters which determine facilitation is explained. The most 
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important parameters are a and a, (eqs (5 Э.а) and (5 3 b)) which 
determine plain diffusion and contain the diffusion coefficient of oxygen 
(D- ), Pp which sets the upper limit of facilitation and contains the 
diffusion coefficient of hemoglobin (^ ц. ; eq. (2.9 b)) ; and AS which 
contains the effect of nonequilibnum. This effect is elaborated in eqs. 
(5.2. a) and 5.2.b) which show the relation between the real and the 
imaginary, S-dependent, P- 's (P and e respectively). In these equations ζ 
contains via λ the rate parameters к and k' (eqs. (2.23 b), (2 15) and 
(2.11.a)). §5.2 describes measurements of plain O2 diffusion. From these a 
and a, and hence D
n
 were calculated (fig 5.4). D
n
 agreed very well with 
the literature data. §5.3 describes measurements of facilitated O2 diffusion 
in thick diffusion layers (ca. 100 yra) . Here chemical equilibrium can be 
assumed The experiments yielded, via Ρ-, DH, (fig 5.10). Especially at high 
(physiological) hemoglobin concentration D„, was higher than almost all data 
from the literature. This was attributed to the fact that previously filters 
were used to hold the hemoglobin solutions whereas here the solutions were 
homogeneous. Probably the present data are optimal concerning facilitated Oj 
diffusion §5 4 describes the thin layer (ca. 28 um) diffusion experiments. 
Under these conditions facilitation is decreased due to the finite reaction 
rates. The measured association and dissociation rates are in general 
agreement with literature data, which validates tr application of 
nonequilibnum facilitated diffusion to obtain these rates. It is shown that 
the increase of O2 affinity of hemoglobin with increasing saturation is due 
to an increase of the association rate whereas the dissociation rate remains 
about constant. It also appears that CI - and DPG which both lower the O2 
affinity of hemoglobin act in different ways, CI" by increasing the 
dissociation rate and DPG by decreasing the association rate. 
In Chapter 6 the results are compared with the mathematical model of Monod, 
Wyman and Changeux (MWC model) and used to estimate the role of facilitation 
in O2 uptake and release of RBC's The MWC model links the equilibrium 
reaction between hemoglobin and O2 with the structural change of hemoglobin 
upon oxygenation, i.e. the transition from the T-state to the R-state (see 
§1.2). In §6.1 this model is worked out further to give the relationship 
between the rate parameters from the experiments and those according to the 
model. The MWC model fits the experimental ODC's very well (fig. 6 1) and 
shows that the decrease of O2 affinity of hemoglobin by CI- and DPG is due 
to a decrease of the affinity of the T-state while that of the R-state 
remains the same. The model calculations of the rate parameters reasonably 
agree with the experimental data (figs 6.2 and 6 3) . It appears that the 
increase of O2 affinity with increasing saturation is due to an increase of 
the association rate at the transition from the T-state to the R-state, CI" 
and DPG seem to influence the rate parameters of the T-state most which is 
in agreement with the current concepts on hemoglobin function. In §6.2 
profiles of O2 partial pressure and of hemoglobin saturation are calculated 
for a flat layer with half the thickness of the human RBC at 37eC. It is 
concluded that although the finite reaction rates between hemoglobin and O2 
decrease facilitated O2 diffusion, this proces contributes ca. 30% to the 
total O2 transport of the RBC in vivo if there is no convectional stirring 
of the cell content. 
As outlined in set 6 3 the general conclusions of this entire work are. 
1) The experimental ODC's are in accordance with the literature data and are 
fitted very well by the MWC model. 
2) The experimental values for Dn agree with the literature data. 
u2 
3) The experimental values for D,,, are larger than the literature data, 
especially at high hemoglobin concentration, and are probably optimal 
concerning facilitated O2 diffusion. 
4) There is good agreement between the kinetic parameters as obtained in 
this study and the literature data. Positive cooperativity in O2 binding by 
hemoglobin is due to an increase of the association rate along with 
increasing saturation. Both Cl~ and DPG lower the O2 affinity of hemoglobin. 
With CI" this seems to be due to an increase of the dissociation rate, with 
DPG to a decrease of the association rate The MWC model, elaborated to fit 
the kinetic parameters, agreed reasonably with the experimental data 
5) In the human red blood cell about one-third of the total O2 transport can 
be attributed to facilitated C2 diffusion if there is no stirring of the 
cytoplasm 
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SAMENVATTING 
De titel van dit proefschrift is: "Gefaciliteerde zuurstof diffusie door 
hemoglobine oplossingen. Meting van diffusie en reactie parameters". 
Het doel van de experimenten, beschreven in dit proefschrift, was erachter 
te komen hoe snel het proces van zuurstof (O2) opname en afgifte door 
hemoglobine verloopt. Bovendien werden de diffusie coëfficiënten van O2 en 
hemoglobine gemeten (resp. D_ en DH, ). De metingen maakten gebruik van het 
verschijnsel van gefaciliteerde O2 diffusie. Hoofdstuk 1 behandelt de 
plaats die gefaciliteerde O2 diffusie inneemt in het algemene proces van O2 
transport in dieren. §1.1 geeft een overzicht van dit proces. Bij vele 
diersoorten wordt O2 getransporteerd door circulerend bloed dat de plaatsen 
van O2 opname (longen, kieuwen, huid) verbindt met de plaatsen van O2 
afgifte (dieper gelegen weefsels). Bloed bevat vaak een heme-eiwit dat O2 
kan binden en weer afgeven en dat zo de transport capaciteit voor O2 
verhoogt. In dit onderzoek werd runder- en menselijk hemoglobine gebruikt. 
§1.2 beschrijft de structuur van en het proces van O2 binding aan 
hemoglobine. O2 opname en afgifte door hemoglobine is eerder in vitro 
gemeten in hemoglobine oplossingen. Daarbij bleek dat de snelheid van O2 
opname en afgifte groter kan zijn dan wordt verwacht op grond van de 
diffusiesnelheid van O2 alleen. Dit proces is "gefaciliteerde O2 diffusie" 
genoemd en wordt uitgelegd in §1.3. De ontdekking van gefaciliteerde O2 
diffusie heeft tot een groot aantal publicaties over de wiskundige 
formulering van gefaciliteerde diffusie in het algemeen geleid. Deze 
formuleringen zijn toegepast om het aandeel van gefaciliteerde O2 diffusie 
in O2 transport in vivo te berekenen. Experimenteel is dit aandeel zeer 
moeilijk te bepalen vanwege de zeer kleine schaal waarop de betrokken 
processen zich afspelen (cellulair niveau). Aan de andere kant kunnen deze 
wiskundige formuleringen gebruikt worden om uit metingen aan gefaciliteerde 
O2 diffusie zelf de parameters te berekenen die van belang zijn voor deze 
diffusie. Op deze manier is eerder de diffusiecoefficient van hemoglobine 
bepaald. In veel theoretische publicaties wordt de invloed van chemisch 
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niet-evenwicht (in de reactie tussen hemoglobine en O2) op gefaciliteerde O2 
diffusie beschreven. Dit proefschrift beschrijft het eerste, systematisch 
opgezette, experimentele onderzoek aan met-evenwichts gefaciliteerde O2 
diffusie. O2 diffusie werd gemeten in een diffusiekamer waarin een vlakke 
laag hemoglobine oplossing tussen twee gaskamertjes in ligt (fig. 3 2). In 
deze kamertjes zitten O2 electroden waarmee de 02-druk wordt gemeten. De 
meettemperatuur was 20oC Het doel van dit onderzoek wordt verder uitgelegd 
in §1.4. 
Hoofdstuk 2 behandelt de wiskundige beschrijving van gefaciliteerde O2 
diffusie. §2.1 geeft de basisvergelijking voor gefaciliteerde O2 diffusie 
(vgl.(2.3)), §2.2 de analytische oplossing ervan (bij benadering; zie Hoofd 
en Kreuzer, 1979) en §§2 3, 2.4 en 2 5 geven de aanpassing van deze 
oplossing om de experimenten uit te kunnen werken. §2.6 beschrijft een model 
berekening aan gefaciliteerde O2 diffusie. Chemisch niet-evenwicht blijkt 
het facilitatie effect te verminderen door een verkleining van het verschil 
in saturatie (S) van hemoglobine met O2 over de diffusielaag In §2.6 is de 
afhankelijkheid tussen de niet-evenwichtslaag λ en S onder verschillende 
omstandigheden berekend λ is de grenslaag van de diffusielaag waar de 
reactie tussen O2 en hemoglobine uit evenwicht is, λ wordt afgeleid uit de 
verhouding tussen reactiesnelheden en diffusiesnelheden, het zogenaamde 
Damkohler getal (vgl.(2 4)). In §2.7 is berekend dat de roterende beweging 
van hemoglobine, die niet in het wiskundige model verrekend is, vrijwel geen 
bijdrage levert aan gefaciliteerde O2 diffusie. 
Hoofdstuk 3 behandelt de experimentele opzet en verwerking van de ruwe 
gegevens, nauwkeurigheid van de O2 electroden, afwijkingen van "steady 
state" en bepaling van de doorbuiging van de ondersteumngs membranen. 
Speciale aandacht is besteed aan de constructie van de diffusiekamer, aan 
het maken van de dunne diffusielagen (tot 28 pm) en aan de spoelgassen. Deze 
factoren zijn essentieel voor het verkrijgen van stabiele omstandigheden 
waaronder de invloed van chemisch niet-evenwicht gemeten kan worden. §3.7 
geeft de berekening van de O2 oplosbaarheids coefficient en §3.8 een 
overzicht van de omstandigheden waaronder de experimenten werden gedaan. 
Hoofdstuk 4 behandelt de zuurstof dissociatie curves (ODC's) van runder- en 
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menselijk hemoglobine. Deze curves beschrijven het evenwicht tussen 
hemoglobine en O2 en zijn nodig bij het uitwerken van de diffusie 
experimenten. §4.1 geeft het wiskundige model voor de beschrijving van de 
curves De metingen werden onder dezelfde onstandigheden gedaan als de 
metingen van de O2 diffusie en de resultaten kwamen overeen met de 
1iteratuurgegevens 
Hoofdstuk 5 behandelt de diffusie experimenten. §5.1 geeft een samenvatting 
van de vergelijkingen, gebruikt voor de uitwerking van de metingen (vgln. 
(5.1.a) t/m (5.5)), en een uitleg van de functie van de betrokken 
parameters. De belangrijkste zijn: a en a, (vgln. (5.3.a) en 5.3.b)) die de 
diffusie van vrije Cb bepalen en de diffusiecoefficient van Cb (D,-, ) 
u 2 
bevatten; Pr. die de bovengrens voor facilitatie stelt en de 
dif fusiecoef f icient van hemoglobine (Dj,,) bevat; en AS die het effect van 
chemisch met-evenwicht bevat Dit effect is nader uitgewerkt in vgln. 
(5.2.a) en (5.2.b) die het verband tonen tussen de werkelijke P 0 en een 
denkbeeldige, met de saturatie in evenwicht zijnde P
n
 (resp. Ρ en e). In 
deze vergelijkingen bevat ζ, via λ, de parameters к en k' welke de 
reactiesnelheid bepalen (vgln. (2.23.b), (2.15) en (2 11.a)). §5.2 
beschrijft de metingen aan diffusie van O2 alleen. Hieruit werden a, en а 
en vervolgens DQ berekend. OQ kwam zeer goed overeen met de literatuur 
waarden. §5 3 beschrijft de metingen aan gefaciliteerde diffusie m dikke 
diffusielagen (ca. 100 ym). In dit geval kan van chemisch evenwicht worden 
uitgegaan. Uit de experimenten werd P-r, en vervolgens D„, berekend. Vooral 
bij hoge (fysiologische) hemoglobine concentratie was Dj,, groter dan bijna 
alle literatuurwaarden. Dit werd toegeschreven aan het feit dat in de 
literatuur filters werden gebruikt om de hemoglobine oplossingen vast te 
houden terwijl hier homogene oplossingen werden gebruikt. Waarschijnlijk 
zijn de huidige waarden het meest van toepassing op gefaciliteerde O2 
diffusie. §5.4 beschrijft metingen aan gefaciliteerde diffusie in dunne 
lagen (ca 28 pm). In deze lagen is het facilitatie effect verminderd door 
het feit dat de reactiesnelheden niet oneindig groot zijn. De verkregen 
waarden voor de associatie- en dissociatie snelheid komen in het algemeen 
overeen met de literatuurwaarden, hetgeen het gebruik van met-evenwichts 
gefaciliteerde diffusie als methode voor het bepalen van reactiesnelheden 
rechtvaardigt Verder blijkt dat de toename van de 02-af f imteit van 
hemoglobine met toenemende saturatie veroorzaakt wordt door door een toename 
van de associatiesnelheid terwijl de dissociatiesnelheid ongeveer gelijk 
blijft Ook blijkt dat Cl" en DPG, die beide de 02-affiniteit verlagen, dit 
doen op verschillende wijze, Cl" door de dissociatiesnelheid te verhogen en 
DPG door de associatiesnelheid te verlagen. 
In hoofdstuk 6 worden de resultaten vergeleken met het wiskundige model van 
Monod, Wyman en Changeux (MWC-model) en gebruikt om een schatting te maken 
van de rol van gefaciliteerde diffusie in O2 opname en afgifte van de rode 
bloedcel (RBC) Het MVïC-model legt verband tussen de evenwichts reactievan 
hemoglobine met O2 en de structurele verandering in hemoglobine bij 
oxygenatie, i e de overgang van de T- naar de R-configuratie (zie §2 1). 
In §6 1 wordt dit model uitgewerkt om het verband te geven tussen de 
reactieparameters uit de experimenten en die volgens het model Het MWC 
model sluit zeer goed aan bij de experimenteel verkregen ODC's (fig б 1) en 
laat zien dat de afname in O2 affiniteit door Cl" en DPG veroorzaakt wordt 
door een afname in de affiniteit van de T-configuratie terwijl die van de 
de R-configuratie gelijk blijft De model berekening van de reactie 
parameters komt redelijk overeen met de experimentele waarden Het schijnt 
dat de toename in de 02-affiniteit met toenemende saturatie veroorzaakt 
t.ordt door een toename van de associatie snelheid bij de overgang van de T-
naar de R-configuratie Cl" en DPG schijnen de reactiesnelheid van de T-
configuratie het meest te beïnvloeden, in overeenstemming met de huidige 
opvattingen over de functie van hemoglobine In §6 2 is het model, 
beschreven in §2 6, gebruikt om profielen van de partiele ?n en van de 
saturatie van hemoglobine te berekenen in een vlakke laag met de helft van 
de dikte van de RBC bij 37'1C Daaruit wordt geconcludeerd dat 
gefaciliteerde diffusie ca. 30% bijdraagt aan de totale O2 opname en afgifte 
snelheid van de RBC, alhoewel de reactiesnelheid tussen hemoglobine en O2 
het facilitatie effect vermindert Daarbij is er vanuit gegaan dat er geen 
menging van de celinhoud plaatsvindt 
Zoals uiteengezet in §6 3 zijn de algemene conclusies als volgt 
XX 
1) De experimenteel verkregen ODC's zijn in overeenstemming met de 
literatuur en worden zeer goed beschreven door het MWC-model. 
2) De waarden voor D
n
 komen met de literatuurwaarden overeen. 
3) De waarden voor D«. zijn hoger dan de literatuurwaarden, vooral bij hoge 
(fysiologische) hemoglobine concentratie. 
4) De kinetische parameters к en k' komen in het algemeen overeen met de 
literatuurwaarden. De toename in 02-aff imteit van hemoglobine met 
toenemende saturatie wordt veroorzaakt door een toename van de 
associatiesneJheid. Cl" en DPG verlagen beide de 02-affiniteit: Cl" schijnt 
de dissociatiesnelheid te verhogen en DPG de associatiesnelheid te verlagen. 
Het MWC-model, uitgewerkt voor kinetische parameters, komt redelijk overeen 
met de experimentele gegevens. 
5) In de rode bloedcel kan ca. 30% van de totale O2 transportsnelheid 
toegeschreven worden aan gefaciliteerde diffusie. Hierbij is geen rekening 
gehouden met eventuele menging van de celinhoud van de RBC wanneer deze de 
capillairen passeert. 
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